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RECENT  1/f  NOISE  STUDIES (U) 

(Unclassified) 

W.  J.  Hoore 

Naval  Research  Laboratory 

Washlngtotw  D.  C.  20390 

1.  INTROTUCTION 

(U)  For  the  past  several  years  there  has  been  an  increase  in  both  experimental 
and  theoretical  interest  in  “1/£“  noise.  This  has  come  about  for  several  reasons. 
Some  of  these  reasons  are:  (1)  1/f  noise  is  almost  universal  in  that  it  appears 

in  most  active  circuit  elements  and  in  some  that  are  usually  considered  passive. 

(2)  There  is  a singularity  in  the  magnitude  of  the  noise  as  the  frequency  goes  to 
zero.  (3)  The  standard  theoretical  tre^  tment  of  1/f  noise  reqpiires  the  presence  of 
surface  states  which  provide  a range  of  trapping  times;  a situation  which  is  prob- 
ably not  as  universal  as  is  the  noise.  Both  experiment  and  theory  have  produced 
interesting  and,  in  some  cases,  unexpected  results. 

2.  STATISTICAL  TECHNIQUE 

(U)  Digital  techniques  of  waveform  analysis  have  been  used  to  measure  the 
statistical  par^uneters  of  the  random  noise.  These  digital  techniques  have  been 
used  to  study  a variety  of  devices  including  infrared  detectors,  diodes,  and  carbon 

resistors. 

(U)  These  techniques  measure  the  amplitude  probability  density,  P(x),  and  its 
moments.  These  measurements  provide  information  on  the  statistics  of  the  noise 
which  conplements  the  usual  power  spectrum  determinations.  The  probability  density 
is  the  probability  that  the  noise  amplitude  takes  a value  between  x and  t dx. 

The  distribution  can  be  measured  using  either  analog  or  digital  techniques  but 
essentially  requires  that  the  waveform  be  sampled  using  one  or  more  "windows",  each 
of  which  sample  one  particular  amplitude. 

(U)  If  the  distribution  is  "normal"  (as  appears  to  be  the  case  for  1/f  nox&e) 
then  P(x)  will  vary  as 

P(x)  » (1 /o/2-)exp[-x^/2a^]. 

The  parameter  a is  the  standard  deviation  and  is  a measure  of  the  width  of  the 
distribution. 

(U)  Once  the  amplitude  probability  density  is  determined  the  moments  of  the 
distribution  can  be  calculated.  The  moments  of  concern  here  are  the  mean,  and  the 
second,  thir'^,  and  fourth  moments  about  the  mean.  These  are  defined  as  follows  [1] 


mean  a m s 


r 


X P(x)  dx. 


1 


V 

V 


UNCLASSIFIED 


J 


I 


' V 

< r 

Vf'.- 


UNCLASSIFIED 


* 2 

Second  central  moment  ■ * J (x-m)  P(x)dx. 

— Oi 

2 

The  second  central  moment  is  called  the  variance  and  denoted  by  o . 

00 
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Third  central  moment  s s j (x-m)  P(x)dx. 

(s*  4 

Fourth  central  moment  a s j (x-m)  P(x)dx. 

(U)  Two  normalized  quantities,  skewness  and  kurtosis  are  often  calculated  from 
these  moments.  Their  definitions  are: 

Skewness  » 1*3/®^ 
and 

Kurtosis  a (i^/a  . 

The  values  of  skewness  and  kurtosis  are  a measure  of  the  shape  of  the  distribution 
of  amplitudes.  For  a normal  distribution  they  have  the  values  zero  and  throe, 
respectively. 

(U)  Some  of  the  impcrtant  recent  results  which  have  been  reported  in  the 
literature  are: 

(1)  The  relative  noise  power  is  inversely  proportional  to  the  total  number  of 
carriers  in  the  sample  [2].  Tl^at  is, 

<(iv)2>  - <(^)^>  - . 

Where  = total  number  of  carriers  in  the  sample. 

(2)  P(x)  is  noi-maliy  distributed  [j,4]. 

(3)  The  measured  variance  is  not  constant,  that  is,  when  the  measurement  is 
repeated  the  value  is  different. 

(4)  The  distribution  of  variances,  i.e.  the  probability  density  for  the  variances, 
is  often  skewed  [3,5], 

(U)  In  the  present  paper,  we  report  on  measurements  designed  to  verify  the 
results,  (2),  (3),  (4)  for  typical  elements  exhibiting  1/f  noise.  Our  results 
cast  do\ibt  on  properties  (3)  and  (4)  as  fundamental  to  i/f  noise.  However  we 
suggest  possible  sources  not  associated  with  1/f  noise  which  may  account  for  these 
apparent  properties. 

(U)  A block  diagram  of  the  equipment  used  for  these  measurements  is  shown  in 
Fig.  1.  The  pure  analog  approach  includes  the  usual  frequency  spectrum  analysis 
with  a wave  analyzer  and  includes  the  measurement  of  amplitude  probability  dis- 
tributions for  which  a variety  of  analog  devices  are  aval) able.  The  digital 
app.'oach  can  be  either  the  specialized  probability  density  determinations  with  a 
pulse  height  analyzer  or  full  digital  analysis  in  which  each  -..ample  is  recorde- 
in  real  time  on  digital  magnetic  tape  for  later  computer  analysis.  This  last 
approach  is  the  most  versatile  but  also  the  most  complicated.  Tne  pulse  height 


2 


I 


liNri  A<;qipipn 


UNCIASSIFIED 


analysis  technique  is  the  easiest  and  most  reliable.  Large  quantities  of  data  can 
be  accumulated  easily.  All  the  results  reported  here  were  acquired  in  this  way. 

3.  RESULTS 

(U)  Typical  anq>litude  probability  densities  taken  using  the  pulse  height 
analysis  technique  are  shown  in  Figs.  2 and  3.  In  Fig.  2 the  distribution  is  that 
of  1/f  noise  from  a slightly  overbiased  detector.  The  distribution  is 

very  nearly  normal  as  can  be  seen  from  the  values  of  skewness  and  kurtosis  which 
are  0.003  and  2.99  respectively. 

(U)  The  data  of  Fig.  3 is  from  a selected  carbon  resistor.  This  is  also  a 
nearly  normal  distribution,  having  a skewness  of  0.009  and  a kurtosis  of  2.97. 

Also  shown  is  t'..e  zero  current  measurement  which  indicates  the  magnitude  of  the 
other  noise  sources  present. 

(U)  Two  sources  of  error  can  easily  modify  data  of  this  type.  One  is  a 
systematic  problem  which  occurs  when  there  ,.s  no  low  frequency  cutoff  in  the 
anpllfying  system.  The  second  is  the  possible  presence  of  noise  transients  which 
are  not  characteristic  of  “pure"  1/f  noise.  These  will  be  discussed  in  more  detail. 

(U)  If  dc  coupled  electronics  is  used  there  will  be  very  low  frequency 
cor^onents  present.  As  a result,  any  measurement  made  in  a finite  amount  of  time 
and  then  repeated  will  result  in  a fluctuation  in  the  measured  quantity.  All 
Fourier  components  with  periods  shorter  than  the  sampling  time  will  be  properly 
averaged.  Those  components  with  longer  periods  will  not  be  properly  averaged  and 
will  produce  a drift  of  the  waveform  during  the  measurement  and  consequently  a 
change  in  the  variance.  A minimum  variance  will  exist  and  be  determined  by  the 
high  frequency  components.  Jo  maximum  variance  will  exist,  particularly  when  there 
is  a large  amount  of  low  frequency  noise.  A skewed  variance  distribution  will 
result.  When  the  very  low  frequency  noise  is  eliminated  by  a high  pass  filter 
this  p.  jlem  is  not  present. 

(U)  An  example  of  the  second  source  of  error  is  shown  in  Fig.  4.  Thin  is  an 
oscilloscope  trace  of  noise  from  a carbon  resistor  of  unknown  manufacture.  The 
bias  is  well  within  the  power  rating  of  the  devico.  >'fe  havo  also  seor.  similar 
noise  in  lead-sulphide  detectors.  The  noiue  shown  lesenbles  the  well  known  opera- 
tional amplifier  "popcorn"  noise.  It  appears  that  the  coi'ductivity  of  the  resistor 
has  changed  by  a discrete  amount  for  a short  time  and  thin  returned  to  normal. 

Such  noise  pulses  appear  to  be  random  and  are  a function  of  the  bi-U'  across  the 
device  to  the  extent  that  a change  in  the  bias  usually  changes  the  pulse  repeti- 
tion rate.  These  changes  in  conductivity  appear  to  be  superimposed  on  a normal 
1/f  noise  trace. 

(U)  The  following  model  provides  insight  into  the  effect  of  this  noise  on  the 
moments.  Assume  thnt  all  pulses  have  the  same  amplitude,  a,  probability,  p,  and 
are  superimposed  on  a normal  distribution  given  by 

P, (x)  » (1/c/2n)exp[-x^/2o^]. 
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The  overall  probability  of  having  a value  x then  is  con^osed  of  two  parts: 

(1)  The  probability  of  having  the  value  x and  no  pulse,  and  (2)  the  probability  of 
having  the  value  x with  an  assist  from  a pulse  of  amplitude  a.  The  total  prob- 
ability is  given  by 

P(x)  = [(1-p)/(y/2rT]exp[-x^/2a^]+[p/o/2TT3exp[-(x-a)^/2a^j. 

From  this  probability  density  the  central  moments,  and  an  approximate  skewness- 
K rtosis  relationship  can  be  calculated.  They  are: 

2 2 2 2 
U2  = a +a  p(1-p)  «=  a +a  p 

uj  = a^p(l-p)  (1-2p)  « a^p 

U4  = 3o”^+6o^a^p(1-p)  + a‘^p(1-p)  (1-3p4-3p^) 

3a^+ (6c^a^+a^)p 


Kurtosis  -3 
Skewness 


<a  ^ + F(a,a)p 


A + Bp 


(U)  Two  points  should  be  made  about  these  results.  If  the  probability  of 

pulsing  is  not  the  same  for  every  run  (i.e.  if  the  number  of  pulses  is  not  constant 

2 

for  every  run)  the  variance  ^2  fluctuate  with  a minimum  value  of  a . This 

leads  to  a skewed  variance  distribution.  The  second  observation  is  that  runs  which 
exhibit  a large  skewness  will  also  have  a large  kurtosis. 

(U)  A skewness  vs  kurtosis  plot  for  an  off-the-shelf  carbon  resistor  is  given 
in  Fig.  5.  It  can  be  seen  that  there  is  a clear  indication  of  a relationship  «uch 

as  that  predicted  with  the  ratio  a/a  about  ten  (the  term  Bp  is  small).  Both 

positive  and  negative  skewness  is  observed  and  indeed  the  pulses  have  been  observed 
to  have  both  positive  and  negative  sign.  One  can  conclude  that  runs  fitting  the 
upper  curve  have  pulses  which  are  predominantly  positive  whereas  those  fitting  the 
lower  curve  have  predominantly  negative  pulses.  It  also  suggests  that  such  meas- 
urements might  be  a way  to  screen  active  devices  for  "popcorn"  no^sc. 

(U)  During  the  course  of  repeatedly  determining  the  probability  density  there 

was  a slow  drift  in  bias  current.  In  Fig.  t>  the  measured  variance  is  plotted  as  a 
function  of  bias  current.  This  figure  indicates  that  the  usual  I^  dependence  is 
present. 

(U)  Another  point  of  interest  is  that  1 irge  fluctuations  in  the  variance  are 
not  apparent  when  measurements  are  made  using  a wave  analyzer.  This  is  the  result 
of  ignoring  transients  which  the  operator  can  recognize  as  of  a transient  nature 
because  of  the  short  integration  times  used  (a  few  seconds  or  lass) . Such  tran- 
sients are  not  ignored  when  the  sampling  technique  is  used. 

(U)  The  results  of  variance  measurements  on  two  different  off-the-shelf 
carbon  resistors  are  given  in  Fig.  7.  In  part  (A)  tlie  number  of  noise  pulses  was 
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small  (in  some  cases  records  were  discarded  %dien  large  numbers  o£  pulses  were 
present) . The  variance  and  the  inverse  normalized  variance  of  variance  (that  is 
<ff^>^/n2 (<T^)  is  about  13  in  agreement  with  Brophy  [3,5],  The  distribution  is  only 
slightly  skewed.  In  part  (B)  a large  number  of  pulses  occurred.  The  variance  is 
large  and  the  distribution  is  skewed.  The  distribution  is  very  wide. 

(U)  A plot  of  similar  data  for  a carefully  chosen  carbon  resistor  is  given  in 
Fig.  8.  The  variance  is  a factor  of  20  smaller  than  that  for  the  off-the-shelf 
resistors.  The  inverse  normalized  variance  of  variances  is  quite  high  indicating 
a very  tight  distribution  (the  tightest  yet  measured  for  1/f  noise)  and  the  vari- 
ance dintribution  is  not  skewed. 

(U)  These  experimental  results  show  that  some  devices,  including  carbon  re- 
sistors, produce  1/f  noise  which  behaves  statistically  very  much  like  any  other 
noise.  The  statistical  pecularities,  particular  the  skewed  variance  distributions, 
which  have  been  observed  are  not  characteristic  of  all  1 /f  noise. 

(U)  As  a final  comment,  it  is  interesting  to  note  that  recent  theoretical 
atten^ts  to  understand  i/f  noise  [6,7]  have  focussed  on  the  universality  of  the 
noise  rather  than  specific  sources  of  the  noise.  Common  to  these  approaches  is 
the  idea  that  1/f  noise  is  essentially  a turbulent  phenomena  in  electric 
current  flow.  The  nature  of  the  turbulence  does  not  change  from  element  to  element, 
but  only  the  source  of  the  turbulence  varies.  The  turbulence  is  shown  to  lead  to 
a 1 /f  spectral  density. 
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Figure  2.  Anplltude  probability  deneity  for  1/f  noise  front  a Hgj^_jjCd^Te  detector 
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Figure  3.  A«i>litude  probability  denaity  Cor  carefully  selected  low  noise 
carbon  resistor. 
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Figure  8.  Distribution  of  variances  for  a carefully  chosen  low 
carbon  resistor.  This  distribution  is  very  tight  and 
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ABSTRACT  I 


Tht  Introduction  and  anntaling  of  Irradiation  produced  pamiana^t  dlt- 
placaaant  daMga  afi\Kti  In  tcalconductor  natarlaU  will  altar  tha  output  of 
Infrared  datactors.  Tha  Introduction  of  the  daMoo  and  Its  annealing  dapandt 
on  tha  saalconductor  Mtarlal  • Irradiating  particle,  tanlconductor  lupurltlts. 
taaperatura  and  Injection  level.  A knowledge  of  both  ^ha  principles  of  opera- 
tion of  the  Infrared  detoctor  and  the  effects  of  radiation  and  annealing  on  the 
basic  properties  for  operation  of  the  detector,  peralts  one  to  predict  the 
changes  in  the  detector  output  as  a function  of  nuclear  particle  Irradiation 
and  annealing. 


1 . INTRODUCTION 

When  nuclear  particles  Interact  with  saniconductors,  changes  are  produced  In  the  properties  of 
these  Materials.  These  changes  can  be  divided  Into  two  categories;  namely  penunent  dIsplaceMent 
effects  and  Ionization  effects.  When  lattice  atoms  are  displaced  from  their  lattice  site,  permanent 
displacament  effects  are  produced.  These  effects  arc  usually  stable  at  the  temperature  of  Irradia- 
tion. However,  at  higher  temperatures  the  effects  arc  not  stable.  The  disappearance  of  the  per- 
manent damage  Is  known  as  annealing.  Ionization  effects  are  the  manifestation  of  free  electrons 
produced  by  the  radiation  Interacting  with  atomic  electrons.  These  Ionization  effects  arc  usually 
transient  phenomena  and  are  present  on  a time  scale  up  to  seconds. 

Over  the  past  few  years,  studies  of  permanent  damage  caused  by  displacement  effects  have  shown 
that  some  of  the  properties  that  can  be  altered  by  radiation  Include  lattice  parameter,  stored  en- 
ergy, mobility,  electrical  conductivity,  corrler  lifetime,  electron  .wamagnetic  resonance,  optical 
absorption,  thermal  conductivity,  etc. 

A knowledge  of  how  all  the  above  parameters  are  affected  by  Irradiation  Is  of  Interest  when  a 
microscopic  description  of  the  damage  mechanisms  In  semi cornluc tors  Is  desired.  However,  radiation 
affects  Information  Is  mainly  needed  to  help  predict  the  response  of  semiconductor  devices.  When 
this  Is  the  case,  only  selected  radiation  effects  Information  on  the  properties  that  affect  the  de- 
vice output  characteristics  are  necessary. 

This  paper  considers  those  permanent  dlsplaceamnt  effects  In  semiconductor  materials  that  are 
of  Interest  as  Infrared  detectors.  Gaana,  electron,  neutron,  and  proton  Irradiation  of  Intrinsic 
photoconductive  detectors  are  of  primary  Interest.  These  Intrinsic  detectors  Include  SI,  Ge,  GaAs, 
InP,  ZnS,  ZnSe,  CdS,  and  CdSe  with  response  In  the  0.3-  to  Z-mIcron  region. 
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2.  PKINCIPLES  OF  OPERATION  - INFRAPI9  DETECTORS 


In  tht  optratlon  of  photoconductivt  Infrarad  datactors.  tha  output  charactari sties  of  prlwry 
Intarost  ara  tha  signal  volUga  (Vj),  nolsa  volUga  (V^).  and  rasponsa  tlaa.  In  a slapllflad  analy- 
sis,0 >2)  tha  aagnltuda  of  tha  signal  and  ganaratlon-racoablnatlon  nolsa  voltagas  for  alactron  dom- 
Inatod  photoconductors  can  ba  axprassod  as: 


and 


- tUf)aAQ^  (jtN 


(1) 


(2) 


Mhara  a Is  alactronic  charge.  Rj_  Is  tha  load  resistor.  and  Qg  ara  tha  signal  and  background  pho- 
ton fluxes,  respectively.  A Is  tha  lllualnatad  detector  area,  t and  A ara  tha  detector  thickness  and 
length,  raspactivaly.  o Is  tha  cross  section  for  Interaction  between  tha  Incident  photons  and  Im- 
purity canter,  E Is  constant  supply  voltage,  Af  Is  bandwidth.  \x  Is  carrier  mobility,  r Is  carrier 
lifetime,  and  N Is  the  density  of  Infrared  active  centers. 

The  photoconductive  detector's  response  time  Is  dependant  on  the  carrier  lifetime  as  Illus- 
trated In  Fig.  1.  Both  the  rise  and  fall  time  depends  on  the  carrier  lifetime. 

The  radiation-sensitive  parameters  in  the  output  equations  and  response  time  are  the  carrier 
lifetime,  mobility  and  density  of  Infrared  active  centers.  Each  of  these  parameters  Is.  to  varying 
degrees,  sensitive  to  nuciear  particle  radiation.  Therefo'-e,  these  are  the  electrical  properties  of 
major  Interest  In  studying  the  radiation  effects  In  semiconductors  used  as  infrared  detectors. 

3.  RADIATION-SENSITIVE  PROPE.'^TIES 

A description  of  the  radiation  sensitivity  of  the  pertinent  properties  should  not  only  Include 
the  Introduction  of  damage  but  also  the  annealing.  The  description  and  magnitude  of  the  Introduction 
and  annealing  of  damage  depends  on  the  semiconductor  material,  the  Irradiating  particle.  Impurities, 
temperature,  and  Injection  level. 

3.1  INTRODUCTION  TO  DAMAGE 

Irradiating  semiconductor  materials  with  gamma  rays  or  low  energy  (~  1 NeV)  electrons 
mainly  produces  one  type  of  microscopic  damage  and  Irradiation  with  neutrons  or  protons  produces 
basically  a different  type  of  microscopic  damage  In  a semiconductor.  The  damage  caused  by  exposure 
to  gamma  rays  or  electrons  Is  similar  and  produces  point  defects  or  simple  complexes.  The  point  de- 
fects are  vacancy  and  Interstitials  while  complexes  Include  dfvacancles  and  vacancy- Impurity  config- 
urations. The  damage  produced  by  the  neutrons  and  protons  Is  mainly  clustered  defects.  The  dif- 
ference between  the  gamma-ray  and  electron  damage  and  the  neutron  and  proton  damage  Is  dun  to  the 
difference  In  energy  transfer  by  the  Incident  particles. 

The  point  defects  or  simple  complexes  produce  donor  and  acceptor  states  or  energy  levels  In  the 
energy  gap  of  the  semiconductor  (Fig.  2).  The  defect's  effectiveness  In  altering  the  properties  of 
the  semiconductor  depends  on  the  defect's  charge  state,  l.e.,  the  Fermi  level  position  relative  to 
the  defect's  energy  level  position.  These  defects  can  act  as  additional  recombination  centers,  thus 
decreasing  the  carrier  lifetime.  The  defects  can  alsu  act  as  carrier  removal  sites  by  altering  the 
density  of  Infrared  active  centers,  l.e..  remove  carrier  from  the  conduction  or  valence  bands  or 
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changi  tht  occupation  of  Impurity  states  In  the  energy  gap.  The  defects  can  also  act  as  scattering 
centers  thereby  decreasing  carrier  mobility. 

In  Fig.  3,  the  cluster  type  of  damage  Is  shown  as  a damaged  region  within  the  undamaged  lat- 
tice.The  cluster  Is  plctured^^^  as  a group  of  displaced  atoms  with  radius  of  10^  { and  50  dis- 
placed atoms.  The  Interface  between  the  damaged  and  undamaged  regions  forms  a potential  barrier 
that  helps  the  damaged  region  act  as  a sink  for  carriers.  This  sink  contains  many  recombination 
centers*  or  carrier  removal  sites.  These  clustered  regions  with  large  recombination  rates  will  de- 
crease the  carriers'  average  lifetime  In  the  semlcotxhictor.  Urge  density  of  defects  In  the 
clustered  region  will  decrease  the  carrier  concentration  within  the  cluster.  When  the  nondamaged 
and  damaged  carrier  concentration's  regions  are  Integrated  over  the  crystal,  the  average  carrier 
concentration  of  the  semiconductor  will  have  decreased.  In  Intrinsic  detectors,  the  presence  of  the 
cluster  will  Increase  the  number  of  Infrared  active  centers  by  decreasing  the  carrier  concentration. 
The  cluster  region  with  Its  potential  barrier  Is  an  Ideal  scattering  center,  thus  decreasing  the 
mobility. 

At  low  f1i>ences,  the  changes  In  the  electrical  properties  can  be  described  In  a simple  analyti- 
cal form.  Aft«r  a particle  fluence,  the  average  lifetime,  t.  can  be  expressed  as 

1 . :!♦  K®  (J) 

0 

where  Is  the  Initial  lifetime  and  K 1$  the  degradation  constant.  Figure  4 shows  the  degradation 
of  the  lifetime  for  silicon  when  Irradiated  with  electrons  and  neutrons,  respectively.  In  a similar 
manner,  the  Initial  carrier  concentration  (n^)  will  decrease  upon  Irradiation  according  to  the  re- 
lationship 


n . n^  - 3“  ® (4) 

where  ® Is  the  fluence  and  dn/d®  is  the  carrier  removal  rate.  For  Intrinsic  detectors  at  photon 
energies  slightly  larger  than  the  band  gap,  a decrease  In  carrier  concentration  will  produce  an  In- 
crease In  the  number  of  active  Infrared  centers.  This  Increase  will  be  of  the  same  form  as  Eq.  4. 
Figure  5 shows  this  effect  as  a function  of  electron  and  neutron  fluences.  In  extrinsic  detectors, 
the  Introduction  of  donor  or  acceptor  states  can  act  as  counter  doping  for  the  Infrared  active  cen- 
ters. Depending  on  the  type  of  center  Introduced,  the  density  of  Infrared  active  centers  could 
either  Increase  or  decrease  with  the  linear  form  of  Eq.  4.  Finally,  the  decrease  In  mobility  as  a 
function  of  mobility  can  be  expressed  as 


where  Is  the  Introduction  rate  of  scattering  centers. 

In  both  Figs.  4 and  5 note  that  the  degradation  Is  linear  as  suggested  by  Eqs.  4 and  5.  Also 
note  that  the  degradation  constant  and  carrier  renwval  rate  Is  a function  of  Irradiating  particle. 
The  figures  show  that  exposure  to  neutrons  Is  much  more  damaging  than  exposure  to  ganma  rays. 

The  carrier  lifetime,  carrier  concentration,  and  mobility  do  not  have  the  same  sensitivity  to 
radiation.  In  a typical  semiconductor,  carrier  lifetime  is  the  most  sensitive  to  radiation  while 
the  carrier  concentration  and  mobility  are  less  sensitive.  Silicon  with  a lifetime  of  10*®  sec  and 
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4 1 A 

a resistivity  of  10  ohm-cm  contains  approximately  10  '*  to  10  ’ cm'"’  recombination  centers  and  has 

a earner  concentration  of  10  cm  . When  10  to  10  cm*  defects  (recombination  centers)  have 

been  Introduced  by  *he  Irradiation,  the  lifetime  will  start  to  decrease  (10X  change).  The  carrier 

14  -3 

concentration  will  be  altered  by  10S  when  10  cm  carrier  removal  sites  have  been  Introduced. 

The  sensitivity  of  the  mobility  depends  on  the  temperature  of  Interest;  however,  lO^'^  cm*^  scatter- 
ing centers  will  alter  the  mobility  In  the  Ionized  Impurity  scattering  region.  In  the  lattice 

14  -3 

scattering  temperature  region,  scattering  center  densities  In  excess  of  10  cm  must  be  Intro- 
duced before  the  mobility  will  be  altered.  Since  carrier  lifetime  Is  most  sensitive  to  nuclear 
particle  Irradiation,  the  Initial  detector  output  parameter  change  will  be  due  to  changes  In  the 
carrier  lifetime  followed  by  changes  In  carrier  concentration  and  mobility. 

The  number  of  defects  depends  on  the  type  of  Irradiating  particle  and  the  fluence.  Using 

various  experimental  data^^^  and  calculatlons^^^^  based  on  the  energy  going  Into  non-ionizing  lattice 

energy  In  silicon.  It  can  be  shown  that  for  1-MeV  electron  Irradiations  approximately  0.1  defect/ 

3 2 

cm  Is  introduced  per  Incident  electron/cm  . For  neutrons,  the  introduction  rate  is  about  5 
3 2 

defects/cm  per  Incident  neutron/cm  . Gamma  rays  are  less  effective  than  either  electrons  or  neu- 

2 3 

trons  In  producing  damage.  For  each  Incident  ganma/cm  , 0.001  defects/cm  are  Introduced.  These 

defect  Introduction  rates  are  consistent  with  the  microscopic  nature  of  the  damage  produced  and 

their  production  by  gamma  rays,  electrons,  and  neutrons.  For  equal  fluences,  the  neutrons  are  the 

most  damaging;  electrons  are  less  damaging;  and  gamma  rays  are  the  least  damaging.  For  the  above 

semiconductor  example  to  degrade  the  carrier  lifetime  with  10  defects/cm  , a gamma  fluence  of 
is  2 13  2 11  2 

10  ganmas/cm  Is  necessary.  Likewise,  10  electronr/cm  or  2 x 10  neutrons/cm  will  produce 

the  same  effects.  This  relative  effectiveness  of  gamma  rays  and  neutrons  In  producing  damage  Is 

evident  on  Figs.  4 and  5. 

Two  noteworthy  examples  of  the  impurity  and  Injection  level  dependence  of  damage  Introduction 
are  the  Impurity  independence  of  neutron  damage  and  the  injection  level  dependence  of  the  carrier 
lifetime  degradation  constant. 

Neutron  produced  lifetime  degradation^"^  Is  independent  of  .he  type  and  concentration  of 
Impurities.  This  is  consistent  with  the  cluster  nature  of  neutron  damage  where  the  density  of  de- 
fects In  the  cluster  is  much  greater  than  any  Impurity  concentration.  On  the  other  hand,  the 

(12) 

gamma  and  electron  produced  lifetime  degradation'  ' depends  on  the  Impurity  type  and  concentration. 
This  is  also  consistent  with  the  point  dofect  and  simple  complex  nature  of  this  damage. 

(13) 

The  injection  level  dependence  of  the  lifetime  degradation  constant'  ' after  neutron  irradi- 
ation is  clearly  shown  in  Fig.  6.  Note  the  order  of  magnitude  change  in  the  degradation  constant 
as  the  injection  level  is  altered  by  five  orders  of  magnitude. 

3.2  ANNEALING 

After  irradiation,  the  material  parameters  can  be  returned  to  their  initial  preirradiation 
values  by  either  thermal  or  injection  techniques.  This  result  is  termed  "forward  annealing". 

These  same  techniques  can  be  used  to  cause  the  degradation  to  become  more  severe.,  This  result  is 
termed  "reverse  annealing".  The  annealing  depend  upon  the  method  used,  the  type  of  material,  type 
of  irradiating  particle,  injection  level,  temperature,  and  impurities. 

The  annealing  of  point  defect  or  simple  complex  damage  is  different  from  that  of  clustered 
damage.  This  means  that  the  annealing  of  electron  and  gaima  damage  will  differ  from  that  of  neutron 
or  proton  damage.  The  annealing  is  different  in  the  temperature  range  over  which  it  occurs  and  its 
kinetics.  The  point  defects  damage  annealing  (Fig.  7)  usually  occurs  in  a sharp  stage  while  the 
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clusttrtd  dantgt  anneaU  (Fig.  7)  ovar  • broad  tanparature  ranga.  Tna  annaaling  of  various  radia- 
tion producad  slapla  dafacts,  stabla  at  273*’k,  hava  baan  studlad.  In  silicon,  tha  dlvacancy  annaals 
at  55(/’k.  tha  vacancy-phosphorous  at  tSO^K,  the  vacancy-oxygan  complex  at  Furthermore, 

point  defect  annaaling  usually  occurs  with  first  or  second  order  kinetics  while  annealing  kinetics 
for  tha  clustered  damage  are  quite  complicated.  This  thermal  annealing  Is  due  to  the  thermally - 
activated  breakup  of  the  complexes  or  clusters,  or  the  thermally-activated  diffusion  of  Impurities 
or  radiation-produced  entitles.  The  accompanying  relaxation  accounts  for  the  annealing  of  the 
Initially  produced  defects. 

Besides  thermal  ani.sallng.  Injection  anneallng^^^^  of  defects  Is  also  possible.  The  mechan- 
ism fo«'  the  Injection  annealing  1$  accomplished  by  alterating  the  charge  state  of  the  defect  to  a 
state  In  which  It  Is  .sore  mobile  than  the  stable  damage  condition.  Figure  8 shows  the  Injection 
Isochronal  annealing  of  the  carrier  concentration  of  p-SI  after  SOO'^K  electron  Irradiation.  This 
particular  annealing  is  thought  to  be  caused  by  alterating  the  charge  state  of  the  vacancy  to  a 
state  which  Is  very  >nob11e  at  300'*K. 


I 


It  Is  evident  that  the  damage  Introduced  by  Irradiation  can  be  thermally  and  sometimes  Injec- 
tion annealed.  For  Irradiations  at  300^K,  the  damage  can  be  thermally  annealed  at  temperatures  as 
low  as  400°K.  The  possibility  of  annealing  means  that  radiation  produced  changes  In  the  carrier 
lifetime,  carrier  concentre 11 on  and  mobility  can  be  completely  removed.  Elevated  temperatures  of 
700*’k  may  be  necessary  to  return  the  material's  properties  to  their  preirradiation  values.  I 

4.  SUMNARY 

I 

Armed  with  a knowledge  of  the  principles  of  operation  of  an  Infrared  detector  and  the  effects 
of  Irradiation  and  annealing  on  the  pertinent  properties  for  operation,  ^t  Is  possible  to  predict 
the  response  of  Infrared  detectors  to  a nuclear  particle  environment.  In  general,  It  can  be  seen  j 

that  upon  Irradiation  the  carrier  lifetime,  carrier  concentration,  and  mobility  will  all  decrease.  | 

Therefore,  both  the  signal  and  noise  voltages  (g-r)  will  decrease.  Since  the  response  time  depends 
on  the  carrier  lifetime,  as  the  damage  is  Introduced  (Fig.  1),  the  response  time  will  decrease. 

These  changes  can  possibly  be  annealed  thermally  and  possibly  by  Injection  techniques  and  the  detec- 
tor can  be  returned  to  Its  initial  performance  characteristics. 
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QUESTION  AND  ANSWER  SESSION 
Q.  Are  there  not  annealing  steps  below  80°K? 

A.  Yes,  If  the  damage  is  caused  at,  say  4°K,  annealing  can  occur  at  30°K  and  60®K 
by  injection  annealing  or  irradiating  with  optical  radiation. 

Q.  What  experimental  techniques  are  used  for  establishing  the  effectiveness  of  the 
interaction  between  the  radiation  and  the  lattice? 

A.  Primarily  electron-spin  resonance  and  EPR. 
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A.  INFRARED  SIGNAL 


B.  RESPONSE  PRIOR  TO  IRRADIATION 


< T,  (CARRIER  LIFETIME) 

< Vj,  (SIGNAL  VOLTAGE) 


C.  RESPONSE  AFTER  IRRADIATION 


RT-00137 


I 


FIGURE  1 . INFRAREr  DETECTOR  RESPONSE  TIME  AND  MAGNITUDE 
nj  EFFECTED  BY  IRRADIATION. 
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FIGURE  2.  GAMMA  AND  ELECTRON  DISPLACEMENT  DAMAGE  MODEL. 
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FIGURE  7.  ISOCHRONAL  ANNEAL  OF  LIFETINE  OF  n-TYPE  SILICON  AFTER  GANNA  AND 
NEUTRON  IRRADIATION  AT  300°K. 
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fOSITION  OF  ELECTKON  QMASI-FERMI  LEVEL 
WITH  RESPECT  TO  CONDUCTION  BAND  («V) 


RT-oom» 


FI6URE  8.  ISOCHRONAL  ANNEAL  AT  30qPk.  BY  EXCESS  CARRIER  INJECTION. 
OF  CARRIER  REMOVAL  SITES  PRODUCED  IN  10<-ohiHai  p-TYPE  SILICON  BY  A 
PULSED  30-NtV  ELECTRON  IRRADIATION. 
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BASIC  DEVICE  PROPERTIES 
IN  THE  LEAD  CHALCOGENIDES* 

(Unclatsified) 

R.  H.  Rediker  and  J.  N.  Walpolet 
Department  of  Electrical  Engineering 
Maaaachuaettr  Inatitute  of  Technology 
Cambridge,  Maaaachuaetti 

ABSTRACT 

New  development!  in  the  understanding  of  basic  device  parameters 
important  to  the  operation  of  infrared  lasers  and  detectors  in  the  lead  and 
lead-tin  chalcogenides  are  reviewed.  These  include:  (1)  the  diffusion  param- 
eters which  determine  the  depth  of  p-n  junctions,  the  concentration  profiles 
near  the  junctions,  and  other  parameters  necessary  for  < nnealing  and  process- 
ing these  nonatoichiometric  compounds;  (2)  the  high  electric  field  transport 
properties  which  give  information  on  the  rates  of  impact  ionisation  and  the 
velocity  saturation  of  charge  carriers  in  junction  devices;  and  (3)  the  sur- 
face properties  which  determine  the  ohmic  or  rectifying  behavior  of  metal- 
semiconductor  contacts  and  which  permit  an  unusual  metal -semiconductor 
minority  carrier  injection  mechanism. 


INTRODUCTION 

This  paper  reviews  some  of  the  research  performed  over  the  past  several  years  at  M.  I.  T.  to 
develop  an  understanding  of  basic  parameters  and  technology  in  the  Pb  and  Pb-Sn  chalcogenides 
with  the  ultimate  aim  to  improve  device  performance  in  these  materials.  Three  programs  will  be 
described.  The  first  program  was  directed  towards  the  understanding  of  the  diffusion  processes 
in  these  materials  and  the  determination  of  the  diffusion  parameters  which  control  the  depth  of  p-n 
junctions,  and  the  concentration  profile  near  these  junctions.  A knowledge  of  the  diffusion  process 
is  also  extremely  valuable  in  the  understanding  and  optimization  of  the  annealing  process  used  to 
reduce  carrier  concentration  as  well  as  to  improve  other  material  properties  in  these  nonstoichio- 
metric  compounds.  The  work  in  this  first  program  formed  the  Ph.  D.  thesis  of  Richard  Guldi^^^  and 
the  M.  S.  thesis  of  Robert  Broderson,  and  has  been  described  in  part  in  the  literature.  ‘jhe 

second  program  was  an  investigation  of  the  high  electric -field  transport  properties  of  the  Pb  and 
Pb-Sn  chalcogenides,  in  which  the  saturation  velocity  of  the  charge  carriers  and  the  rates  of  impact 
ionization  were  determined.  The  saturation  velocity  is  important  in  determining  the  ultimate  high- 
speed performance  of  photodiodes,  particularly  when  one  tries  to  mitigate  the  effect  of  the  higher 
dielectric  constant  of  the  Pb  chalcogenides  and  resultant  higher  junction  capacitance  by  making  the 
depletion  region  wider  and  the  capacitance  lower.  The  ultimate  speed  of  the  photodiode  is  in  this 
case  limited  by  the  transit  time  of  the  carriers  across  the  depletion  region.  The  rate  of  impact 
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ionisation  it  relevant  to  avalanche  breakdown  in  junctions,  and  as  will  be  described  below,  the  re- 
sults suggest  that  avalanche  breakdown  should  be  much  less  of  a problem  in  the  Pb  or  Pb-Sn  chal- 
cogenides  than  in  InSb,  even  though  the  bandgap  — direct  in  both  cases  — is  significantly  smaller  in 
the  Pb-Sn  chalcogenides.  The  work  in  this  second  program  formed  the  Ph.  D.  thesis  of  Hugues 
St,  Onge,  and  the  M.  S.  thesis  of  F.  J.  Leonberger,  and  has  also  been  described  in  part  in 
the  literature,  The  third  program  was  a study  of  metal-semiconductor  contacts  in  the 

Pb-Sn  chalcogenides  and  of  the  surface  properties  which  determine  whether  such  contacts  are  ohmic 
or  rectifying.  It  turns  out  in  fact  that  one  can  make  a metal-semiconductor  contact  on  p-type 
materials  which  will  inject  minority  carriers  into  the  semiconductor,  as  will  be  described  below. 
The  results  of  this  program,  which  was  in  collaboration  with  K.  Nill  of  Lincoln  Laboratory,  have 
been  reported  in  detail  in  the  literature, 

DIFFUSION  PROCESSES  IN  THE  Pb-Sn  CHALCOGENIDES 

The  all-pervading  fact  of  life  in  the  lead  chalcogenides  and  their  alloys  is  thair  deviation 
from  stoichiometry.  In  Fig.  1 is  shown  a portion  of  the  phase  diagram  for  PbTe  and  (PbSn)Te  near 
the  stoichiometric  composition  of  60  atomic  percent  Pb,  50  atomic  percent  Te.  The  horizontal 
scale  in  this  figure  is  greatly  expanded.  The  arch-shaped  curve  in  the  center  is  the  solidus  curve 
for  PbTe  and  gives  as  a function  of  temperature  the  limits  of  stability  of  the  compound  in  the  solid 
phase.  The  maximum  excursion  in  the  limit  of  stability  as  shown  for  the  solid  phase  of  PbTe  is 
approximately  from  50.01  percent  Pb,  49,99  percent  Te  to  49,99  percent  Pb,  50.01  percent  Te. 

The  liquidus  line  cn  the  expanded  scale  of  the  figure  is  nearly  flat;  it  does  curve  down  eventually  on 
either  side  of  the  compound. 


STOICHIOMETRIC 


Figure  1.  Expanded  region  of  the  phase  diagrams  for  PbTe  and  (Pb.  Sn)Te 
near  the  stoichiometric  composition  showing  schematically  the  solidus  lines 
or  saturation  limits  of  the  compound  or  alloy  and  the  liquidus  line,  which  is 
nearly  flat  on  the  expanded  scale. 

The  deviations  from  stoichiometry  in  the  solid  phase  are  due  on  a microscopic  scale  to 
point  defects  in  the  crystal  lattice.  *'''*  Excess  Te  results  from  Pb  vacancies  or  Te  inter- 
stitials, or  both,  while  excess  Pb  results  from  Te  vacancies  or  Pb  interstitials,  or  both.  The 
defects  responsible  for  the  deviations  from  stoichiometry  are  electrically  active:  Pb  inter- 

gt^tials  and  Te  vacancies  acting  as  donors,  and  Te  interstitials  and  Pb  vacancies  acting  as  accept 
ors.  Thus,  PbTe  with  excess  metal  is  n-type  and  PbTe  with  excess  Te  is  p-type.  Knowledge  of 
the  extent  of  the  range  of  the  deviation  from  stoichiometry  is  obtained  by  measuring  the  carrier 
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denaity  in  •nturatcd  aamplas.  The  aaturated  aamplea  are  produced  by  annealing  aamplea  at  the 
appropriate  temperature  with  exceaa  metal  for  the  metal-aaturated  aide  or  with  exceaa  Te  for  the 
Te-aaturated  aide.^*^^ 

If  a aample  ia  originally  aaturated  n-type  and  then  ia  heated  at  an  appropriate  temperature 
in  a Te>rich  environment,  a p-type  akin  will  be  produced  at  the  aurface,  aa  determined  from  the 
phaae  diagram.  A gradient  in  the  deviation  from  atoichiometry  ia  eatabliahed  from  thia  p-type 
akin  into  the  n-type  bulk  and  with  time,  the  p-n  junction  will  move  deeper  into  the  aample.  The 
proceaa  by  which  the  p-n  junction  ia  formed  and  movea  into  the  aample  ia  called  interdiffuaion^^^' 
(4),  (16)  involvea  the  motion  of  lead  and  Te  interatitiala  and  vacanciea  in  oppoaite  directiona  due 
to  tUa  gradient  in  the  deviation  from  atoichiometry.  The  motion  of  the  junction  appeara  to  obey 
Fick'a  law  — that  ia,  the  junction  diffuaea  into  the  aample  aa  though  the  proceaa  were  deacribed 
by  a conatant  diffuaion  coefficient,  and  the  junction  depth  variea  aa  the  aquare  root  of  the  diffuaion 
time.  It  haa  been  found,  however,  that  for  diffuaion  of  n into  p , the  junction  diffuaion  coefficient 

ii  larger  by  at  leaat  an  order  of  magnitude  in  PbTe  than  for  diffuaiona  of  p into  n.  The  oppo- 
(IS) 

aite  ia  true  in  PbSe.  For  device  applicationa  it  ia  very  important  to  explain  thin  effect,  predict 
the  junction  diffuaion  coefficienta,  and  underatand  the  concentration  profiler  near  the  junction. 

We  have  made  new  meaaurementa  of  the  tracer  diffuaion  coefficienta  for  Pb^^^  and  Se^^  in 
PbSe.  which  we  have  theoretically  related  to  the  interdiffunion  conatant  for  p-n  junctiona,  expanding 
on  the  original  treatment  by  firebrick.  The  interdiffunion  predicted  by  our  theory  from  radio- 
tracer  renulta  haa  been  compared  with  experimental  reaulta  on  the  diffuaion  of  p-n  jvnetiona.  The 
concentration  profilea  near  the  p-n  junction  aa  predicted  by  our  theory  from  radiotracer  meaaure- 
menta are  preaented. 

75 

In  Fig.  2 the  diffuaion  coefficient  of  Se  in  both  Pb-aaturated  and  Se-aaturated  PbSe  ia  ahown 

aa  a function  of  reciprocal  temperature.  Alao  ahown  in  the  figure  are  earlier  reaulta  of  Ban  and 
(181 

Wagner.  which,  aa  can  be  noted,  do  not  agree  with  our  reaulta.  Thia  diaagreement  ia  believed 
to  be  real  and  due  mainly  to  cryatalline  quality  and  aurface  preparation.  The  diaagreement  indi- 
catea  that  in  obtaining  information  aignificant  for  devicea,  it  ia  important  to  uae  device  quality 
matariala  and  proceaaing  atepa  conaiatent  with  thoae  uaed  in  device  fabrication.  From  Fig.  2 it  ia 
poaaible  to  obtain  information  on  the  mechaniam  for  diffuaion  of  Se  in  PbSe.  There  are  five  promi- 
nent mechaniama  for  diffuaion  in  auch  a nonatoichiometric  cryatal;  diffuaion  of  vacanciea,  either 


.1*0 


Figure  2.  Meaaured  diffuaion  coefficienta  of  Se 
in  lead-aaturated  and  aelenium-aaturated  Pb.Se. 

The  arrowa  indicate  data  of  other  workera  obtained 
at  700°C. 
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metal  or  non-metal:  diffusion  of  interstitials,  either  metal  or  non-iretal  (including  the  interstitialcy 
mechanisms  in  which  the  interstitial  displaces  an  atom  which  in  turn  becomes  an  interstitial);  and 
diffusion  of  divacancies  which  are  metal  vacancy  non-metal  vacancy  pairs.  The  divacancy  mechan- 
ism has  been  shown  to  exist  in  NaCl^^^^  and  InSb.  Since  the  concentration  of  selenium  inter- 
stitials is  obviously  larger  in  selenium-rich  material  than  in  lead-rich  material,  while  the  opposite 
is  true  for  selenium  vacancies,  and  since  the  concentration  of  divacancies  is  independent  of  compo- 
sition, it  is  clear  that  an  interstitial  diffusion  mechanism  holds  for  Se  in  selenium-rich  material.  * 
The  experimental  data  obtained  for  Pb^^^  tracer  diffusion  under  conditions  of  Pb  saturation 
and  also  of  Se  saturation  are  compared  in  Fig.  3 with  earlier  published  data  of  Seltzer  and  Wagner.^^^ 
Unfortunately,  in  the  early  experiments  of  Seltzer  and  Wagner,  in  addition  to  material  quality  prob- 
lems, the  defect  concentration  was  not  controlled.  It  should  be  pointed  out  that  the  theory  of  tracer 
diffusion  ' predicts  that  the  larger  of  the  two  values  of  the  diffusion  coefficient  observed  at  the  two 
(metal  and  Te-rich)  saturation  limits  would  be  the  upper  bound  to  the  value  of  the  diffusion  coefficient 

75 

at  any  deviation  from  stoichiometry  between  the  saturation  limits.  Thus,,  as  in  the  case  of  Se 
tracer  diffusion,  our  results  for  Pb^^^  tracer  diffusion  do  not  agree  with  the  earlier  published  data. 
Because  the  diffusion  constant  for  Pb^^^  in  lead -saturated  material  (Fig.  3)  is  almost  identical  for 
Se  in  the  same  material  (Fig.  2),  it  is  exper ‘ed  that  the  divacancy  mechanism  for  diffusion  may  be 
of  importance  in  n-type  material. 


Figure  3.  Measured  diffusion  coefficients  of  Pb  in 
lead -saturated  and  selenium-saturated  PbSe.  Also 
shown  are  the  data  of  Seltzer  and  Wagner. 


From  these  tracer  results,  one  can  determine  the  interdiffusion  coefficient.  For  the 
purposes  of  this  review,  it  will  be  assumed  that  diffusion  via  the  divacancy  mechanism  can  be 
neglected  in  this  theoretical  treatment.  However,,  the  corrections  to  the  results  if  this  assumption 
is  inappropriate  will  be  described.  The  results  of  the  theory  will  be  given  : for  detailed  deriva- 
tions. the  reader  is  referred  to  Refs.  1 and  4 . Two  material  parameters  which  are  important  in 
diffusion  in  non -stoichiometric  serriconductora  are  first,  n^,  the  intrinsic  carrier  concentration, where 


* We  rule  out  diffusion  of  Se  through  Pb  vacancies  since  this  mechanism  implies  antistructure 
disorder,,  which  is  unlikely  in  the  Pb  chalcogenides. 


( 

j 

i 


I 

i 

>1 

j 

.1 


.1 

■i 


30 


UNCLASSIFIED 


UNCLASSIFIED 


n.^  is  equsl  to  the  product  of  the  equilibrium  hole  and  electron  concentrations  (n^^  = pn)  ; and 
second,  . the  intrinsic  disorder  constant,  where  is  equal  to  the  product  of  the  concentra- 
tions of  acceptor-type  defects  and  donor-type  defects. 

where  and  are  the  concentrations  of  non-metal  and  metal  vacancies,  respectively,  and 
and  are  the  concentrations  of  non-metal  and  metal  interstitials,  respectively.  If  there 
were  no  interstitial  defects  (1^^  ~ ’ ^o  Schottky  constant  of  the  material.  If 

we  define  t as  the  deviation  from  stoichiometry  in  units  of  carriers  cm*^  (each  defect  Is  assumed 
to  produce  one  corresponding  carrier),  the  interdiffusion  coefficient  is  given  by 

D.  = [ D„f  + (1  - f)}  [ 1 + /(V  t4k  7/(d^  + 4n,V  1 (2) 

A p n o 1 

where  and  are  quantities  that  are  calculated  in  Cqs.  (4)  to  (11)  below  from  the  tracer  dif- 
fusion coefficients,  and  f is  the  fraction  of  defects  which  are  acceptor -type.. 


(3) 


Since  D and  D will  be  shown  to  be  significantly  different  from  each  other,  the  interdif- 
fusion coefficient  varies  appreciably  with  f ,,  whose  value  changes  according  to  Eq.  (3)  from  unity 
in  strongly  p-type  material  to  zero  in  strongly  n-type  material.  Thus,  f is  the  modulating  function 
which  changes  the  character  of  the  interdiffusion  coefficient  as  the  deviation  from  stoichiometry 
changes  from  one  type  to  another.  The  factor  in  square  brackets  in  Eq.  (2)  does  not  contribute  sig- 
nificantly to  the  variation  of  with  ^ 

The  interdiffusion  parameters  Dp  and  can  be  expressed  in  terms  of  the  parameters 
°pM  ’ ■ °nM  ’ °nN 


D = D + D„., 
p pM  pN 

D = D D ,,, 
^n  nM  nN 


(4) 

(5) 


which  in  turn  can  be  expressed  prov;ding  > > 4 k^  in  terms  of  the  four  tracer  diffusion  constants 
we  have  measured:  (6  - p,,^)  ,.  ' ‘he  diffusion  of  Pb*-  in  selenium  and  lead- 

saturated  material,  respectively,  and  Dj^  (t  = p,^^)  . Dj,  (6  ^ n_,,^)  . the  diffusion  of  Se  in 
selenium  and  .ead-saturated  material,  respectively,  as  given  below: 
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where  the  quantity  S ie  the  concentration  of  lattice  site  and  f^^j  . f^. , and  f^  are  correlation 
factors.  The  correlation  factor  f^  for  vacancy  diffusion  is  0. 7815  for  the  rock  salt  crystalline 
structure  of  PbSe.  It  differs  from  unity  because  once  a tracer  atom  has  moved  by  jumping  into  a 
particular  vacancy,  there  is  a greater  than  random  probability  that  it  will  make  its  next  Jump  back 
into  the  same  vacancy.  The  values  for  correlation  factors  f^^.  and  f^^^  depend  on  whether  the 
interstitialcy  mechanism  (where  the  interstitial  replaces  a lattice  site  atom,  which  in  turn  becomer 
an  interstitial)  is  important  and  can  be  as  low  as  0.  33  or  as  high  as  unity. 

From  these  equations  it  can  be  seen  that  only  the  order  of  magnitude  of  need  be  known  to 
determine  whether  the  second  terms  in  the  brackets  are  negligible.  When  the  second  terms  in  the 
brackets  ntay  be  dropped,  as  is  the  case  for  PbSe  and  PbTe,  the  interdiffusion  parameters  and 
may  be  obtained  by  using  Eqs.  (4)  and  (5). 

Dp  ^ p-n:  fDM(P..t’/^v  ^ <P.at>/'Ni2 


°n^n^CD*(n,.^)/f^j.D*(n„^)/g  . (11) 

By  substituting  the  values  of  and  from  Eqs.  (10)  and  (1 1)  into  Eq.  (2),  the  interdif- 
fusion coefficient  can  be  obtained  as  a function  of  the  deviation  from  stoichiometry,  t . In  the 
comparison  of  the  experimental  results  for  with  those  predicted  by  Eq.  (2),  it  will  be  possible 
to  put  bounds  on  the  correlation  factor  for  diffusion  of  interstitial  selenium  fj^.  . which  as  described 
above  depends  on  details  of  this  diffusion.  Thus,  our  results  yield  information  on  the  mechanism 

of  interstitial  diffusion.  In  Fig.  4,  we  have  plotted  D.  as  a function  of  the  deviation  from  stoichi- 
2 

ometry  for  k < < n.  , an  extremely  good  assumption  for  the  temperatures  oi  the  diffusions.  Also 

° * (3) 

shown  in  this  fig'<r  is  a step  function  model  approximation  to  D^(6).  As  mentioned  above,  the 

approximation  that  diffusion  by  divacancies  is  negligible  which  has  been  made  in  deriving  from 

the  tiacer  results  may  not  be  correct  for  n-type  material.  In  this  case,  the  values  which  have  been 

derived  from  the  tracer  data  in  n-type  material  for  are  upper  bounds  to  the  actual  values  since 

the  divacancy  mechanism  does  not  contribute  to  interdiffusion. 


Figure  4.  Schematic  dependence  of  the  interdiffusion 
coefficient  on  the  deviation  from  stoichiometry  ^ 
and  the  step  function  approximation  to  . 

Using  these  results  for  the  variation  of  the  interdiffusion  coefficient  with  the  deviation 
for  stoichiometry,  we  have  determined  the  concentration  profile  for  the  diffusion  of  n-  into  p-type 
material  and  for  the  diffusion  of  p-  into  n-type  material.  We  have  shown  that  the  error  introduced 
into  these  computer  calculations  by  the  use  of  the  step-function  approximation  is  less  than  a few  per 
cent,  so  in  most  cases  for  ease  in  computation,  we  have  used  the  step-function  approximation. 
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Figure  5 ihows  computed  concentration  profiles  for  p into  n and  n into  p diffusions.  The  dis- 
tance into  the  sample  is  normalized  by  the  square  root  of  time.  There  are  several  important  pieces 
of  information  that  can  be  obtained  from  this  figure  that  are  important  to  the  device  maker.  First, 
note  where  the  p-n  junction  occurs.  Remember  the  diffusion  in  the  p-type  material  is  much  larger 
than  that  in  n-type  material.  For  p into  n diffusion,  the  junction  is  even  deeper  than  predicted  by 
the  larger  diffusion  constant;  for  n into  p diffusion,  the  junction  is  even  shallower  than  predicted 
by  the  smaller  diffusion  constant  Also  note  that  for  ii  into  p diffusion,  our  computations  indicate 
th^t  one  can  obtain  a relatively  lightly  doped  region  extending  from  the  p-n  junction  fairly  deeply 

into  the  bulk.  This  is  very  significant  because  it  predicts  that  one  can  use  an  optimized  n into  p 

(3) 

diffusion  to  produce  a relatively  wide  low-carrier  region  near  the  junction, ' ' reducing  junction 
capacitance  and  increasing  the  junction  breakdown  voltage. 


Figure  5.  Calculated  interdiffu»on  pi^files  using  the 
step  function  appt  oximation  for  = 91X  and  the 
initial  deviation  of  a semi -infinite  sample,  equal  in  mag- 
nitude to  tg  , the  deviation  at  the  surface.  Distance  into 
the  sample  x is  normaliied  by  the  square  root  of  time  t . 

(15) 

Calawa  and  co-workers  observed  several  ■y'sars  ago  that  the  motion  of  the  p-n  junctions 
obeyed  Fick's  law  for  diffusion  — that  is,  the  junctions  diffuse  in  as  though  the  process  were  de- 
scribed by  a constant  diffusion  coefficient.  Our  radiotracer-derived  results  for  the  position  of  the 
p-n  junction  also  follow  Fick's  law  since  the  abscissa  is  normalized  by  the  square  root  of  time. 
Figure  6 compares  experimental  results  of  Calawa  and  co-workers^^ with  the  theoretical  junctior 
diffusion  coefficients  determined  from  the  tracer  data.  The  solid  lines  indicate  tne  temperature 
range  for  which  the  predictions  are  based  on  actual  tracer  measurements,  while  the  dashed  lines 
indicate  that  the  tracer  data  have  been  extrapolated  to  the  lower  temperature  rangeiv-  Note  that  all 

of  the  p-n  junction  data  were  taken  with  the  same  value  of  bulk  carrier  concentration  ^ , whereas 

o ' 

the  n-p  junction  data  were  taken  for  a wide  range  of  the  values  of  , the  limits  of  which  are  indi- 
cated on  the  figure.  Note  that  many  of  the  data  points  which  appear  to  agree  with  the  n-p  line  for 
= 5.4  X 10  cm  ^ are  actually  in  disagreement  since  thev  correspond  to  = 1.5  x 10^"^  cm'^  .- 
The  agreement  in  Fig.  6 for  the  p into  n junctions  is  excellent  both  in  magnitude  and  in  the 
variation  with  temperatui  es..  The  agreement  in  slope  is  most  significant.  The  magnitude  however, 
depends  upon  the  exact  value  of  the  correlation  factor  for  selenium  interstitials.  If  a smaller  value 
IS  taken  for  , the  theoretical  line  is  shifted  toward  larger  diffusion  coefficients.  It  is  difficult 
to  distinguish  between  the  interstitial  Qiffjsion  mechanism  (for  which  fj,^,.  = 1.0)  and  the  direct 
interstitialcv  mechanism  (ir  which  the  interstitial  moves  to  a lattice  site  and  the  displaced  lattice 
atom  moves  in  the  same  direction  to  an  adjacent  interstitial  position  and  for  which  0.731 
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b«c«a*e  of  die  ccatter  in  both  the  tracer  and  the  junction  data.  However,  it  can  be  aafely  concluded 
tiiat  tile  indirect  interatitialcy  meci.vaniam  (in  udiich  the  original  interstitial  and  the  displaced  lattice 
atom  move  in  different  directions  and  for  which  fj^^  = 0.  33)  is  not  significant. 


Figure  6.  Comparison  of  PbSe  experimental  junction 
diffusion  coefficients  with  predictions  from  tracer  data. 

The  solid  lines  are  predictions  in  the  temperature  range 
of  the  tracer  measurements  and  the  dashed  portions  are 
extrapolations  to  lower  temperatures  than  actually  measured. 


The  experime^al  points  lying 
Lo  5*^  * 10*' cm*^  were  actv 


near  the  predicted  line  for 
actually  obtained  for  £ = 1.  5 X 


The  disagreement  in  Fig.  6 for  the  n into  p diffusions  is  believed  to  be  due  to  the  fact  that,  as 
shown  in  Fig.  S , on  the  one  hand  the  junction  is  very  shallow  and  thus  can  be  greatly  influenced  by 
the  perfection  of  the  surface  layer,  and  on  the  other  hand  there  is  significant  diffusion  in  the  long 
tail  over  a relatively  large  distance  from  the  surface,  which  for  the  experimental  results  in  Fig.  6 
was  comparable  with  the  thickness  of  the  samples.  The  lines  in  Fig.  6 were  derived  from  the 
tracer  data  under  the  assumption  that  the  sample  thickness  was  infinite.  It  is  obvious  that  if  the 
thickness  becomes  small  enough  so  it  either  sets  a boundary  condition  on  the  diffusion,  or  if  dif- 
fusion from  the  other  side  overlaps  the  diffusion  from  the  first  side,  then  the  junction  depth  will  be 
affected.  Calculations  taking  into  account  finite  thickness  have  been  made^^*  and  bring  results  into 
better  but  by  no  means  complete  agreement.  The  possibility  of  surface  damage  affecting  the  re- 
sists of  the  n into  p junctions  cannot  be  excluded.  Lastly,  ii  should  be  pointed  out  that  when  any 
contribution  to  the  tracer  coefficients  due  to  divacancy  diffusion,  which  we  could  noi  exclude  for 
n-type  material,  is  subtracted  from  the  value  of  , the  junction  diffusion  coefficients  predicted 
from  the  tracer  results  for  n into  p diffusion  become  even  smaller,  and  the  disagreement  between 
them  and  the  experimental  junction  diffusion  coefficients  even  larger. 

As  a further  test  of  the  applicability  of  the  interdiffusion  model  that  lias  been  developed,  the 

(22) 

model  has  been  jsed  to  correlate  for  PbTe  the  published  tracer  data  of  Gomez,  et  al,  with  the 
published  junction  data  of  Goldstein,  as  shown  in  Fig.  7.  The  agreement  again  indicates  that  the 
model  is  appropriate  and  can  be  used  in  PbSe  and  PbTe  to  predict  with  good  accuracy  junction  depths 
and  profiles. 
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theoretical  prediction* for  the  model  of  Fig.  11b.  Such  a plot  i*  ahown  in  Fig.  13,  where  the 
voltage  intercept  i*  283  mV,  much  larger  than  the  energy  gap  for  PbTe  at  77°K  (205  meV),  For 
p-n  junction*  at  77°K,  the  voltage  intercept  i*  actually  nmaller  than  the  energy  gap, 
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Figure  12.  La*er  emi**ion  apectrum  for  an  Figure  13.  T.  e capacitance-voltage  character* 
evaporated  lead  barrier  on  p-PbTe  obtained  at  iatic  for  a Sn  barrier  on  p-PbTe  at  77°K. 

1.8°K. 


The  reault*  ju«t  deacribed  which  ahow  that  PbTe  tend*  to  obe>  the  theory  of  ideal  metal* 

aemiconductor  contact*  are  very  important  to  the  device  maker  in  making  ohmic  contact*  to  device* 

or  in  making  .Schottky  barrier*type  device*.  A*  a matter  of  fact,  following  publication  of  our  work, 

in  which  the  observation  of  photovoltaic  reaponae  wa»  reported,  excellent  Schottky  barrier-type 

(29) 

detector*  have  been  made  in  industry. 
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QUESTION  AND  ANSWER  SESSION 

Q.  Have  diffusion  studies  of  the  lead  salts  established  the  number  of  charge  carriers 
associated  with  lattice  sites? 

A.  At  one  time  we  were  convinced  It  was  on  a ooe-for-ooe  basis,  but  now  we  are  not 
so  sure. 
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Figure  7.  Comparisou*  of  PbTe  eiq>eriinent«l  junction  .... 
diffusion  coefficient*  shown  by  the  points  from  Goldsteinji,; 
with  prediction  based  on  the  tracer  data  of  Gomes,  et  aP^^' 
shown  by  the  solid  lines. 

HIGH  ELECTRIC  FIELD  TRANSPORT  IN  THE  LEAD-TIN  CHALCOGENIDES 

Nanosecond  pulse  techniques  have  been  used  to  measure  the  velocity -field  characteristics  of 
bulk  samples  of  PbSe,  PbTe.  and  Pbo.g3Snj7Te  at  77°K  and  4°K  for  carrier  concentration* 
ranging  from  1 x lO^^cm"^  to  5 x lO'^cm"^  . Because  of  these  high  carrier  concentration*  , 
sample  current  densities  of  the  order  of  10^  A cm*^  were  required  to  obtain  data  on  the  carrier 
saturation  velocity  and  on  impact  ionization.  To  prevent  sample  heating,  it  was  essential  that  the 
sample*  have  extremely  small  cross  sections  and  that  current  be  applied  in  very  short  pulse*.”'” 
Some  typical  sample*  are  shown  in  Fig.  8.  The  active  lengths  of  the  samples  were  the  order 
of  1 mm.  with  cross-sectional  dimensions  of  the  order  of  1/20  mm.  The  maximum  current  applied 
to  these  samples  was  about  80  A in  pulses  of  10  to  20  nanoseconds.  The  problems  in  short-pulse 
measurements  were  further  exacerbated  by  the  high  mobilities  of  these  materials,  because  of 
which  the  resistance  of  these  sample*  at  the  cryogenic  temperature  of  interest  were  of  the  order 
of  one  ohm.  Another  experimental  problem  was  making  ohmic  contacts  to  these  extremely  rmall 
cross-section  samples,  contacts  that  would  stay  ohmic  up  to  current  densities  of  10^  A cm  We 
were  able  tc  make  such  contacts  to  n-type  PbSe.  PbTe,  and  (PbSn)Te  and  to  p-type  PbSe.  Unfor- 
tunately, we  were  unable  to  make  contacts  which  remained  ohmic  to  the  required  current  density 
in  p-type  PbTe. 


Figure  8.  Samples  of  PbTe  used  for  high-field  studies. 
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Tb*  carrier  velocity  ia  plotted  ae  a function  of  electric  field  for  three  n-type  materiala  in 
Fig.  9.  More  correctly,  the  ordinate  in  thia  figure  ia  the  current  denaity  divided  by  the  product  of 
the  aero'field  carrier  denaity  and  the  electronic  charge,  and  ia  equal  to  the  carrier  velocity  only 
aa  long  aa  there  ia  no  carrier  nmltipUcation,  or  aa  long  aa  the  carrier  denaity  doea  not  change. 
Each  of  the  three  materiala  ia  cbaracteriaed  by  an  ohmic  or  linear  velocity -field  characteriatic  at 
low  fielda,  followed  by  a clear  tendency  toward  velocity  aaturation  at  about  10^  cm/aec.  Finally, 
at  varioua  flelda,  one  obeervea  either  an  inflection  in  the  characteriatic  or  an  inatability  character- 
iaed  by  current  and  voltage  oacillationa  at  aeveral  hundred  MHa. 


Figure  9.  The  apparent  velocity  of  carriera  J/nge  , where  J ia 
current  denaity,  n^  the  equilibrium  carrier  denaity,  and  e the 
electronic  charge  vercua  electric  field  E for  n-type  PbSe,  PbTe. 
and  Pb^  ^ 77°K,  The  S-ahaped  negative  reaiat- 

ance  cliaracteriatica  are  the  reault  of  plotting  data  at  a particular 
time  during  the  pulae  in  the  field  region  where  inatabilittea  are  aeon. 

The  low-field  linear  regiona  where  each  material  can  be  characterized  by  a mobility  given  by 
the  alope  of  the  characteriatic  are  in  very  good  agreement  with  the  theory  of  polar  optical  acatter- 
ing  of  charge  carriera  in  aemiconductora.  The  experimentally  determined  aaturation  velocity 

of  about  10^  cm/aec  ia  within  a factor  of  two  of  that  predicted  by  varioua  theoretical  approximztiona 

(23) 

to  the  high-field  cate,  auch  aa  that  of  Stratton  uaing  a diaplaced  Maxwellian  or  that  of  Oumke 
uaing  a diatribution  function  atreamed  along  the  direction  of  applied  electric  field.  The  aatura- 
tion velocity  ia  an  important  parameter  for  the  operation  of  high-apeed  detectora  with  wide  depletion 
regiona.  In  theae  detectora  the  apeed  of  reaponae  may  be  limited  by  the  time  it  takea  the  carriera 
traveling  at  the  aaturation  velocity  to  traverae  thia  apace-charge  region.  While  not  ahown  in  the 
figure,  the  aaturation  velocity  for  p-type  PbSe  ia  alao  about  10^  cm/aec.  The  inflection  point  ia  alao 
very  important  for  detector  applicationa  becauae  it  ia  aaaociated  with  impact  ionization  of  carriera. 
When  the  electron-hole  plaama  produced  by  impact  ionization  forma,  aelf-pinching  effecta  occur 
which  produce  either  atable  or  unatable  characteriatic  a.  The  inflection  point  inatabilitiea,  their 
phyaical  explanation,  and  corroborating  data  uaing  aample  probea  and  applied  dc  magnetic  fielda, 
are  diacuaaed  in  Ref.  9.  In  a junction  detector,  impact  ionization  which  can  produce  avalanche 
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br««Usw«  «ill  limit  th*  veltag*  wUch  can  b*  uaad  to  bUi  tho  dotoctor.  It  oltovld  bo  noted  that 
impact  ionisation  occurs  in  bulk  material  at  alactric  fialds  abovo  lOilD  V cm*^  in  PbSa  and  PbTe, 
significantly  Ughar  fialds  than  tha  2S0  V cm*^  which  has  boon  raportad^^^^  for  impact  ionisation  in 
bulk  InSb,  which  has  a larger  bandgap.  It  should  also  ba  noted  that  although  tha  bandgap  of  PbSa  is 
smaller  than  that  of  PhTa,  tea  alactric  field  for  impact  ionisation  is  larger. 

Tha  reason  for  tha  larger  alactric  field  required  for  impact  ionisation  in  tha  Pb-Sn  chalcogen- 
idas  is  tha  larger  polaron  coupling  constant  in  these  materials,  die  large  ietaraction  of  the  electron 
with  the  polarisation  modes  of  the  crystal.  The  polaron  coupling  constant  is  given  by 


or 


( 


2m  m 


» 


(12) 


where  e^  is  the  longitudinal  optical  phonon  frequency,  is  the  high-frequency  dielectric  constant, 
and  is  the  static  dielectric  constant.  Because  the  static  dielectric  constant  is  so  large  in  the 
Pb-Sn  chalcogenides,  the  quantity  1/c^  is  relatively  small  and  can  be  neglected,  whereas  in  other 
semicondnetors,  it  is  important  in  reducing  the  value  of  or  . Listed  in  Table  I for  InSb,  PbSe,  and 
PbTe  are  the  values  of  a and  some  of  the  constants  used  in  Eq.  (12)  to  determine  this  parameter. 
Note  that  the  polaron  coupling  constant  or  is  nearly  an  order  of  magnitude  larger  in  the  Pb  chal- 
cogenides  than  in  InSb.  The  reason  that  o is  larger  for  PbSe  than  for  PbTe  is  because  is 
smaller  in  PbSe  than  in  PbTe.  the  differences  in  1/e^  not  being  important  because  the  value  of  this 
quantity  itself  is  small. 


( 


f 

i 
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TABLE  1 

CONSTANTS  USED  IN  CALCULATION  OF 
GENERATION  RATE  BY  lldPACT  IONIZATION 


InSb 

Tie  (eV)  0.0238 
o 

€ 17.9 

s 

€,  15.7 

a 0,020 


PbSe 

PbTe 

0.0165 

0.0136 

280 

450 

25,  2 

36.9 

0.  259 

0.  175 

We  have  modified  the  theory  by  Dumke^^^*  developed  to  calculate  the  generation  or  impact 
ionisation  rate  as  a function  of  electric  field  in  InSb  to  take  into  account  the  ellipsoidal  constant 
energy  surfaces  of  the  Pb-Sn  chalcogenides.  The  modified  theory^^^*  assumes  dominant  polar 
optical  scattering,  nonparabolic  and  ellipsoidal  bands,  and  a distribution  function  streamed  along 
the  direction  of  the  applied  electric  field.  The  calculated  generation  rates  (the  number  of  impact 
ionisations  per  second  per  carrier)  for  t)ie  Pb-Sn  chalcogenides  as  well  as  the  rate  calculated  by 
Oumke  for  InSb  are  plotted  in  Fig.  10  as  a function  of  electric  field.  Note  that  PbSe  with  larger 
polaron  coupling  constant,  and  hence,  stronger  polar  optical  scattering,  has  a lower  generation  rate 
than  PbTe.  although  the  gap  of  PbSe  across  which  the  ionisation  occurs  is  slightly  smaller  than  that 
of  PbTe.  The  material  (PbSn)Te  has  approximately  the  same  polaron  roupling  as  PbTe,  but  the 
generation  rate  becomes  larger  as  the  energv  gap  decreases.  Note  the  lower  field  at  which  the 
generation  rate  becomes  appreciable  in  InSb  because  of  the  weaker  polaron  coupling. 
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Figure  10.  Calculated  generation  rates  veraua  electric 
field  for  the  Pb  and  Pb,  Sn  chalcogenidea  at  0“K  and  77®K. 

Dumke'a  theory'^^)  for  InSb  is  shown  for  compM^son  to- 
gether with  the  data  of  McGroddy  and  Nathan. 

For  the  lengths  of  the  samples  such  as  shown  in  Fig.  8,  udiich  were  used  to  obtain  the  experi 

S\  7 ^ 

mental  results  in  this  program,  a generation  rate  of  10  to  10  leads  to  observable  carrier  multi- 
plication of  about  10  percent,  which  should  be  adequate  to  produce  the  inflection  point  observed  in 
the  characteristics.^^*  The  experimental  inflection  points  are  compared  with  those  predicted  from 
the  theory  in  Table  II.  Since,  as  can  be  seen  in  the  table,  the  agreement  between  the  theory  and  ex 
periment  is  very  good,  one  can  with  some  confidence  use  the  theory  to  calculate,  for  example,  the 
avalanche  breakdown  limitations  in  photodiodes. 


TABLE  11 

COMPARISON  OF  EXPERIMENTAL  INFLECTION 
POINTS  WITH  THOSE  PREDICTED  BY  THEORY 


Experimental 
Inflection  Point 

Theory: 
g = 1(^"*10^  sec 

PbSe 

77‘"k 

2500  V/ 

cm  (stable) 

2150-2500 

4,  a°K 

2200 

(stablel 

2150  -2500 

PbTe 

77°K 

1050 

(unstable) 

1200-1550 

4.  2°K 

1000 

(stablel 

1 100-1250 

77°K 

550 

(unstable) 

500-  750 

4.2°K 

140 

(unstable) 

450-  650 

METAL  SEMICONDUCTOR  CONTACTS  TO  PbTe 

The  meUl -semiconductor  contacts  discussed  in  this  section  were  prepared  by  evaporating  an 
array  of  small  meUl  pads  on  a freshly  etched  or  air-cleaved  surface.  Prior  to  etching  or  cleaving, 
a large-area  ohmic  contact  was  alloyed  to  one  side  of  the  cv^  jtal  using  a gold -thallium  eutectic  for 
p-type  PbTe  and  indium  for  n-type  PbTe-  The  metal  pads  were  about  0.004  inch  in  diameter  at 
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cUtanniMd  by  • •▼•poration  mask.  During  evaporation  the  aample  and  evaporation 

maak  were  cooled  to  liquid -nitrogen  temperature  to  prevent  diffuaion  of  the  depoaited  metal.  Fur- 
thermore, an  electron-beam  evaporation  aource  waa  used  to  prevent  exposure  of  the  samide  to  the 
heat  of  an  evaporation  coil  and  the  evaporation  was  done  as  quickly  as  possible.  Typical  evapora- 
tions were  performed  in  a vacuum  of  10*^  to  10*^  Torr  for  5 sec,  with  resulting  depositions  of  800 

o (11)-(13) 

to  1000  A . These  procedures  were  necessary  to  obtain  reproducible  results.  The  samples 

of  PbTe  were  prepared  from  either  as  grown  or  annealed  Bridgman  crystals  having  carrier  concen- 

17  18  -3 

trations  between  10  and  5 x 10  cm 

Table  HI  is  a summary  of  the  electrical  behavior  of  evaporated  metal-semiconductor  contacts 
for  six  metals  on  n and  p PbTe.  The  electron  affinity  X of  4. 6 eV  for  PbTe  is  the  energy  differ- 
ence between  the  conduction  band  and  the  vacuum  level.  The  work  function  (p  is  the  energy  differ- 
ence between  the  Fermi  level  in  the  metal  and  the  vacuum  level.  When  the  sum  of  the  electron 
afflnity  and  the  energy  gap  is  smaller  than  the  work  function,  the  metal -semiconductor  contact  is 
rectifying  for  n-type  and  ohmic  for  p-type.  Conversely,  if  the  electron  affinity  is  larger  than  the 
work  function,  the  metal-semiconductor  contact  is  rectifying  for  p-type  and  ohmic  for  n-type.  If 
the  electron  affinity  is  nearly  equal  to  the  work  function,  the  metal -senticonductor  contact  is  recti- 
fying for  both  n-  and  p-type  semiconductors.  This  electrical  behavior  is  exactly  that  predicted  by 
the  theory  of  the  ideal  metal -to -semiconouctor  contacts. 


TABLE  III 

BEHAVIOR  OF  EVAPORATED  M-S  CONTACTS 
ON  n-  AND  p-PbTe 


Metal 

Work  Function  (op  ) 
eV 

Experimental 

Metal 

Observation 

X 

5.4 

Pt 

Barriers  on  n-type 

Ohmic  to  p-type 

X 

m 

4.6 

Au 

Barriers  on  n-  and  p-type 

4.4 

Sn 

4.2 

7.n  j 

Barriers  on  p-type 

X 

4.0 

Pb 

Ohmic  to  n-type 

3.8 

In 

The  band  energy  is  plotted  as  a function  of  distance  in  Fig.  11a  for  an  ideal  metal -semicon- 
ductor contact  on  PbTe  where  (p  =4.7  eV  ..  Because  the  Fermi  levels  in  the  metal  and  the  semi- 

m 

conductor  must  be  at  the  same  energy,  the  bands  in  the  semiconductor  bend  approaching  the  metal - 
semiconductor  interface,  so  at  this  interface  the  energy  difference  from  the  vacuum  level  to  the 
semiconductor  conduction  band  and  to  the  metal  Fermi  level  is  given  by  the  electron  affinity  and  the 
work  function,  respectively.  Shown  in  Fig.  I la  is  a case  where  X < tp„  < X * E .,  where  E is 
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the  •«miconductor  energy  gap.  For  tneae  valuea  of  9^,  the  metal  Fermi  level  the  interface  ' 

correaponda  to  an  energy  in  the  forbidden  gap  in  the  aemiconductor  and  the  metal-aemicondnctor 

contact  ia  a Schottky  barrier.  (It  ahould  be  mentioned  that  ntoat  aemiconductora  uaed  in  devicea 

today  auch  aa  Ge,  Si,  and  moat  of  the  lU-V'a  do  not  obey  the  theory  of  ideal  metal-aemiconductor  | 

contacta  and  have  interface  atatea  in  the  forbidden  gap  which  tend  to  pin  the  aemiconductor  band  at 

the  interface  to  produce  a band  energy  diagram  aimilar  to  Fig.  11a  nearly  independent  of  the  metal 

work  function. ) 

In  Fig.  11b  the  band  energy  ia  plotted  aa  a function  of  diatance  for  an  ideal  Pb  evaporated 
contact  to  PbTe.  The  band  energy  dir  gram  of  Fig.  lib  ia  very  intereating  becauae  it  predicta  that 
for  Pb  on  PbTe,  one  actually  geta  an  inverted  layer  in  the  aemiconductor,  one  doea  not  have  a 
Schottky  barrier  but  one  haa  a p-n  junction.  Thia  diagram  predicta  that  one  could  make  a laaer 
from  auch  a metal-aemiconductor  contact,  and  we  have  done  ao. 


\ 


Figure  11.  Barrier  potential  veraua  diatance  for  metal- 
aemiconductor  barrierat  (a)  the  uaual  Schottky  barrier; 

(b)  the  inverted  aurface  barrier. 

Figure  12  ahowa  the  apectrum  of  the  laaer  emiaaion  from  auch  an  evaporated  Pb  to  PbTe  de- 
vice. The  mode  atrucl.  re  ahown  ia  that  expected  from  the  laaer  cavity,  and  threahold  currenta 
have  been  of  the  order  of  100  A cm'^.,  aa  low  aa  one  obtaina  typically  in  the  beat  PbTe  p-n  junction 
laaera.  Thia  laaing  action  ia  proof  positive  that  the  aurface  ia  inverted,  and  ia  another  indication 
that  in  PbTe  the  metal-aemiconductor  contacta  obey  the  ideal  theory.  We  have  alao  demonstrated 
from  capacitance-voltage  data  at  77°K  on  these  metal-aemiconductor  devicea  that  these  devicea  are 
truly  different  from  ordinary  p-n  junctions  and  that  the  inverted  layer  doea  not  result  from  any 
donor-type  behavior  of  the  evaporated  metal.  When  the  capacitance  C ia  plotted  aa  C ^ veraua 
voltage,  the  intercept  of  the  resulting  straight  line  with  the  voltage  axis  is  in  agreement  with 
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STRUCTURAL.  CHEMICAL  AND  PHOTOELEC  TRONIC  PROPERTIES 
OF  LEAD  SULFIDE  FILMS 
(Unclaaitfied) 

G,  H.  Blount,  D,  K.  Smith,  and  R.  T.  Yamada 
Santa  Barbara  Reaearch  Center 
Coleta,  California 


ABSTRACT 

(Unclaeeified) 

The  structural,  chemical,  and  photoelectronlc  properties  are  compared 
for  three  types  of  chemically  denneited  PbS  films.  The  film  types  differ  in 
the  use  of  an  oxidant  during  the  deposition.  The  films  are  grainy  in  structure 
and  show  a decrease  in  g'‘ain  compaction  as  the  concentration  of  the  oxidant 
is  increased.  Average  clemlcal  composition  is  not  significantly  dependent 
on  the  use  of  the  oxidant.  Photosensitive  films  may  be  described  in  terms  of 
sensitising  centers  which  are  present  only  when  an  oxidant  is  used  but  which 
are  not  dependent  solely  on  the  presence  of  oxygen.  The  physical  identification 
of  the  sensitising  centers  has  not  been  determined  but  may  be  associated  with 
film  structure. 


INTRODUCTION 

It  is  well  known  that  chemically  deposited  lead  sulfide  films  are  made  the  basis  of  useful 
photodetectors,  provided  particular  chemicals  are  added  to  the  deposition  solution.  These  chemi- 
cals are  usually  referred  to  as  "oxidant  " in  spite  of  the  fact  that  their  function  is  not  really  under- 
stood. A summary  is  given  of  an  investigation  into  the  mechanism  of  photocnductivity  <n  chemically 
deposited  lead  sulfide  films  and  into  the  role  that  the  oxidant  plays. 

MATERIALS  INVESTIGATED  (Table  I) 

Three  types  oi  chemically  deposited  lead  sulfide  films  were  studied;  the  no-oxidant  type, 
standard  type.,  and  high-oxidant  type.  The  standard  type  was  made  from  the  formulation  used  by 
SBRC  to  produce  state-of-the-art  detectors  for  use  at  about  193  K.  This  type  normally  consists  of 
a thin  film  of  approximately  I -micron  thickness  with  material  laid  down  in  four  successive  chemical 
depositions.  Betweer  depositions,  the  films  are  stored  in  distilled  water.  For  this  iitudy,.  one  and 
two  coat  M 4 and  I 2 th  cknessi  as  well  as  the  standard  four  coat  samples  were  investigated.  This 
discussion  is  confined  moitly  to  four  coat  films  The  no-oxidant  and  high  oxidant  are  variants  of 
the  standard  formulation.  The  variation  was  achieved  solely  by  varying  the  concentration  of  oxidant 
used  in  the  depositions. 

The  oxidant  concentration  was  increased  by  a factor  of  four  above  the  standard  amount  to  pro- 
duce a high-oxidant  material,  and  the  concentration  was  reduced  to  zero  to  produce  a no-oxidant 
variety . 
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INVESTIGATIVE  TECHNIQUES  (Table  U) 

The  various  investigations  performed  are  listed  in  this  figure.  The  first  four  are  directed 
toward  the  composition  and  structure  of  the  film.  The  last  three  deal  with  the  electronic  properties 
of  the  material.  Thus,  the  three  types  of  film  were  compared  in  terms  of  these  seven  basis  analy- 
ses. 

CONCLUSIONS  (Table  lU) 

Before  presenting  the  results  of  the  analyses  of  the  three  types  of  film.  Ut  us  indicate  the 
conclusions  which  can  be  drawn  from  the  study: 

1.  As  first,  we  note  that  the  etructure  and  electrical  properties,  not  unsurprisingly,  are 
typical  of  grainy  materials  with  intergrain  barriers. 

2.  Somewhat  more  unexpected  is  the  conclusion  that  the  photoconductivity  can  be  explained 
in  terms  of  sensitising  centers  without  reference  to  the  barriers, 

3.  As  a complete  surprise,  we  must  conclude  that  the  average  concentration  of  oxygen  with- 
in the  film  is  not  controlled  by  the  use  of  the  oxidant.  There  is  no  significant  difference 
in  the  oxygen  concentration  as  the  oxidant  is  varied. 

4.  In  turn,  from  this  we  must  conclude  that  while  the  sensitising  centers  are  dependent  on 
the  use  of  the  oxidant,  they  are  not  due  solely  to  the  presence  of  oxygen. 

5.  Finally,  there  is  an  indication  that  tike  film  structure  may  be  important  to  the  formation 
of  the  sensitising  centers. 

RESULTS 

The  following  results  support  these  conclusions.  Since  the  data  are  quite  extensive  we  are 
forced  to  be  very  selective  in  our  presentation.  We  look  first  at  the  average  chemical  composition. 

CHEMICAL  COMPOSITION  (Table  IV) 

In  this  figure  we  present  the  average  concentrations  in  atomic  percent  of  the  major  trace 
elements  as  determined  by  spark  source  mass  spectroscopy.  In  comparison  to  the  doping  levels 
typical  of  semiconductors,  these  values  are  all  very  high.  As  to  a systematic  variation  with  the 
vse  of  the  oxidant,  one  might  imagine  such  a variation  for  some  elements  but  not  for  oxygen.  The 
material  of  the  standard  film  has  the  PbS  structure  as  shown  by  X-ray  diffraction  analysis.  No 
other  phase  was  shown.  The  analysis  method  had  a sensitivity  limit  of  about  3%  by  weight  which 
would  allow,  of  course,  many  minor  secondary  phases  to  go  unnoticed.  Also,  the  most  prospective 
element  for  the  creation  of  a second  phase,  oxygen,  is  present  in  a relatively  high  concentration. 

If  oxygen  were  present  solely  as  PbO,  then  its  approximately  3 atomic  percent  concentration  would 
be  equivalent  to  about  6%  by  weight  of  a second  phase.  This  would  have  been  detected  by  X-ray 
diffraction  analysis, 

SURFACE  TOPCXJRAPHY  (Figure  1 ) 

Scanning  electron  micrographs  of  the  surfaces  of  the  three  types  of  film  are  shown  in  Figure 
5,  Beginning  at  the  top  of  each  picture  one  sees  the  film  surface  followed  by  a chemically  etched 
edge  of  the  film,  and  in  the  foreground  the  sapphire  substrate  is  evident.  The  spheres  scattered 
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over  the  film  and  the  substrate  are  polystyrene  latex  particles  applied  to  the  film  to  aid  in  scale 
calibration.  These  spheres  are  approximately  1.2  microns  in  diameter. 

The  films  are  granular.  The  sise  of  the  grains  and  their  compaction  show  a systematic  vari- 
ation with  the  use  of  the  oxidant.  A higher  oxidant  concentration  is  associated  with  smaller  grains 
and  a looker  structure.  The  spacing  of  the  grains  appears  to  be  characterised  by  a dimension  of 
about  700A. 

The  next  figure  (Figure  la)  shows  the  surfaces  of  the  three  types  of  film  as  seen  in  replica 
electron  micrographs.  The  crystallinity  is  more  apparent  in  these  micrographs  and  shows  very 
clearly  the  grain  size  decreasing  with  increasing  oxidant. 

OXYGEN  PROFILE  (Figure  2) 

Typical  profiles  of  the  variation  of  the  concentration  of  oxygen  through  the  depth  of  the  film 
is  shown  in  the  next  figure.  The  abscissa  is  the  depth  into  the  film  from  the  free  surface  expressed 
as  a fraction  of  the  thickness  of  a single  coat.  Therefore,  since  the  maximum  value  along  the  ab- 
scissa is  1,  the  profile  for  just  the  outermost  coat  is  given.  The  ordinate  givei.  the  concentration 
of  the  oxygen  bearing  phase  expressed  as  a fraction  of  all  phases  present.  The  baked  and  not-baked 
notations  on  the  curves  are  with  reference  to  a sensitization  process  used  at  SBRC.  Baking  did  not 
alter  the  profile.  The  chemical  formula  of  the  oxygen  phase  is  not  known.  There  is  a high  concen- 
tration of  oxygen  at  the  free  surface  and  also  where  the  initial  deposits  of  a particular  coat  are 
located.  The  high  concentration  at  the  film  surface  is  thought  to  be  due  to  surface  adsorption  of 
oxygen  while  the  peak  at  the  interface  between  coats  is  thought  to  be  due  to  the  preferential  forming 
of  oxides  during  the  initial  stages  of  the  chemical  deposition  or  perhaps  the  effect  of  surface  adsorbed 
oxygen  which  might  occur  at  the  end  of  each  coat.  The  pattern  is  repeated  for  the  inner  coats  with 
the  exception  of  the  profile  for  the  high  oxidant  cases.  In  the  high  oxidant  case  the  oxygen  concen- 
tration does  not  vary  in  the  inner  coats  but  stays  constant  at  the  value  shown  at  the  right  of  the 
graph.  Silicon  concentration  varies  in  a manner  similar  to  that  of  oxygen  but  does  not  rise  to  a 
high  value  at  the  free  surface. 

The  profiles,  although  interesting,  appear  to  play  no  essential  role  in  photoconductivity. 

D*  AS  A FUNCTION  OF  TEMPERATURE  (Figure  3) 

The  electrical  properties  of  the  films  are  now  discussed.  First  it  can  be  seen  how  for  the 
three  materials  varies  as  a function  of  temperature.  It  is  clear  that  as  a detector,  the  no-oxidant 
film  is  very  much  less  effective  than  the  other  types.  The  bulk  of  the  differences  in  D"  is  due  to 
differences  in  response;,  the  noise  characteristics  are  apparently  quite  similar  for  all  three  types. 

The  fact  that  the  curve  for  the  no-oxidant  film  is  distincly  different  than  the  curves  for  the 
oxidant  types  indicates  a fundamental  difference.  That  is,  the  difference  in  the  films  does  not  seem 
to  be  a matter  of  degree  but  of  kind. 
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SPECTRA  (Figure  4) 

The  suggestion  of  the  difference  of  kind  is  also  seen  in  the  response  and  absorption  spectra. 

In  this  graph  the  absorption  curves  are  at  the  top.  and  response  on  the  bottom.  The  absorption 
data  are  for  room  temperature  conditions;  the  response  data  are  for  a temperature  of  193°K  and 
for  a chopping  frequency  of  1100  Hz.  The  response  spectra  of  the  standard  and  high-oxidant  films 
are  similar  to  each  other  and  also  quite  different  than  that  of  the  no-oxidant  film.  The  oxidant 
materials  maintain  their  response  out  to  high  photon  energies  but  the  response  of  the  no-oxidant 
type  drops  off  with  photon  energy.  The  low  energy  cutoffs  of  the  absorption  spectral  also  single 
out  the  no-oxidant  material  as  being  distinct.  The  no-oxidant  material  alone  has  a sharp  low 
energy  cutoff. 

In  the  no-oxidant  spectra,  a difference  in  the  absorption  and  response  cutoff  energies  is 
especially  noticeable.  A partial  explanation  for  this  difference  may  be  found  in  the  temperature 
dependence  of  the  band  gap  of  PbS,  The  band  gap  energy  shifts  from  0.  41  eV  to  about  0.  36  eV  when 
PbS  is  cooled  from  room  temperature  to  193'K.  But  these  values  fo'  the  band  gap  energies  do  not 
match  the  cutoff  energies  nor  is  their  difference  as  large  as  needed. 

Redfield  and  Wittko*  have  disci  jsed  the  response  spectra  of  heavily  doped  but  nearly  compen- 
sated material.  Out  materials  would  seem  to  fit  such  a case.  They  are  heavily  doped  with  many 
trace  elements  and  yet  their  free  carrier  densities  are  far  less  than  what  would  be  expected  from 
the  contribution  of  any  one  dopant.  The  typical  response  spectrum  as  presented  by  Redfield  and 
Wittke  IS  similar  to  that  of  the  no-oxidant  film.  Local  potential  variations  arising  out  of  the  random 
distribution  of  dopants  are  assumed  to  be  responsible  for  the  spectrum  shape.-  The  potential  vari- 
ations produce  a tailing  of  the  band  edges  into  the  forbidden  gap,  and  hence,  soften  the  cutoff  of  the 
absorption.  There  is  also  a reduction  in  mobility  and  an  increase  in  the  relaxation  time.  Photo- 
conductivity IS  enhanced  by  the  separation  of  carrier  types  through  the  trapping  elfoct  of  the  potential 
variations.  The  more  energetic  carriers  will  be  less  aflected  by  the  potential  variations,  and  thus 
life  time  will  decrease  as  the  photon  energy  of  the  excitation  is  increased. 

The  absorption  spectra  of  the  oxidant  type  lilms  show  a soft  cut-off  which  might  be  associated 
with  potential  wells.  On  the  other  hand,  the  response  spectrum  of  the  no-oxidant  material  seems 
generally  to  fit  what  is  expected  for  compi  sated  material  at  high  doping  levels.  However,-  the  low. - 
energy  cutoff  is  not  smaller  than  the  band  gap  of  PbS  as  one  would  expect  froni  a tailing  of  the  band 
edges.  This  discrepancy  may  indicate  that  the  band  gap  of  the  material  has  been  widened  by  the 
influence  of  oxygen.  Perhaps  the  film  is  a PbSO  system  having  a band  gap  which  represents  an 
interpolation  between  that  of  PbS  and  PbO,  -Such  a blending  of  properties  is  net  uncommon  when  it 
is  possible  to  form  the  mixed  system. 

An  important  result  is  that  the  magnitude  of  the  absorption  loefficient  i.s  roughly  independent 
of  the  use  of  an  oxidant  while  the  magnitune  of  the  photoresponse  is  not.  Apparently,  the  maior 

'd,  Redfield  and  J.  P.  V\  ittke,.  Energy  Banc:  lails  and  PhotocondiK  tivity , ' Proc.  of  the  Third 
Internationa!  C enferente  on  Photoi  ondut  tivit\ , Stanford,  August  Id-lb,  Ibp'i  Edited  bv  I-.  M, 

Pell,  Pergan'  n Press  I’Ti,  pp. 
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differences  in  detector  characteristic*  of  the  three  film  types  are  to  be  explained  in  terms  of  free 
carrier  lifetime.  This  is  consistent  with  a model  of  photoconductivity  that  is  based  on  sensitixing 
centers  which  are  present  only  in  the  oxidant  materials. 

The  noticeable  differences  in  the  cutoff  point*  of  the  response  curves  for  the  three  type*  of 
films  suggest,  however,  that  significant  physical  differences  exist  in  the  film  types.  The  only 
known  physical  differences  are  those  of  structure;  a loose  structure  is  effected  by  the  use  of  an 
oxidant.  In  this  regard  it  is  interesting  to  note  that  very  thin  films  of  the  standard  material 
showed  D*  values  comparable  to  what  would  be  expected  by  a scaling  of  thicker  films.  These  thin 
films  were  so  thin  that  islands  were  formed  by  the  individual  grain*  resulting  in  a high  resistance 
of  the  films.  Apparently,  there  is  little  danger  of  making  the  films  with  too  loose  a structure. 

SPECTRA  (Figure  4a) 

The  next  figure  shows  the  same  data  presented  from  a device  point  of  view  plotting  responsivity 
and  absorption  versus  wavelength. 

CARRIER  DENSITIES  AND  HALJ,  MOBILITIES  AS  A 
FUNCTION  OF  TEMPERATURE  (Figure  5) 

Figure  5 shows  the  behavior  of  carrier  density  and  mobility  as  a function  of  reciprocal 
temperature  as  determined  by  Hall  measurements.  The  materials  are  all  p*type  as  indicated  by 
the  carrier  density  symbol.  There  are  two  distinct  regions  for  both  the  mobility  and  carrier 
density  curves.  Exciting  the  films  raises  the  curves  a*  shown  by  the  dashed  lines.  However,  the 
no-oxidant  film  shows  very  little  change  upon  photoexcitation,  and  the  dashed  curve*  represent 
both  the  light  and  dark  conditions  for  the  no-oxidant  film.  The  activation  energies  for  the  standard 
film  when  in  the  dark  in  the  high-temperature  region  is  0.  14  eV  for  carrier  density  and  0,  09  eV 
for  mobility. 

DECAY  T.TME  AS  A FUNCTION  OF  TEMPERfiTURE  (Figure  6) 

The  decay  time  c.  photoconductivity  for  the  standard  film  is  shown  in  Figure  6.  These  data 
are  given  as  a function  of  temperature  with  excitation  intensity  as  a varied  parameter.  The  exci- 
tation was  from  a tungsten  incandescent  lamp  and  a light  value  of  1.  00  corresponds  to  100  mwatt/ 
cm^  at  the  detector. 

It  is  clear  that  photoconductivity  is  quenched  at  the  higher  temperatures.  The  activation 
energy  for  quenching  is  about  0.23  eV.  If  these  results  are  interpreted  in  terms  of  sensitising 
centers,  then  the  sensitizing  centers  must  lie  about  0. 23  eV  below  the  conduction  band. 

The  dashed  curves,  which  are  included  for  comparison,  indicate  calculated  lifetimes  for 
2.  6-  and  2.  3-mirron  radiation.  As  to  be  expected,  the  lifetime  curves  also  show  thermal 
quenching. 
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BAND  PKTUKE  OF  A MODEL  FOB  R5  (F*c«ze  7) 

The  elsctromc  aad  photoelectronic  data  led  Profecaor  Babe  to  jMropooe  tbe  model  for  tfae 
idoAocoaduftleity  of  lead  aolfide  aa  ahoorB  m Fiforc  7.  Tbe  eaergy  leoela  for  t<«o  caaea  are  aboarv^ 
la  tbe  «9fer  diafram  it  ia  aa  mimed  that  tbe  barriera  are  wide  aad  all  carriera  moat  go  over  tbem 
if  coadoctiaa  ia  to  take  place.  In  tbe  lower  diagram,  tbe  barriera  are  cowaidered  to  be  thumer 
aad  toaaeliag  may  occur.  PbotoeecitatioB  lowera  tbe  Fermi  level,  aad  tbua  i»creaaea  tbe  effective 
coadactivity  of  tbe  bijrriera  ia  proportiaa  to  tbe  iacreaaed  monber  of  carriera  ia  tbe  graiaa  bcteaiea 
tbe  barriera.  Tbe  barrier  height  determiaea  the  dark  coadoctivity  activatioa  eaergy  aa  aoggeated 
maay  yeara  ago  by  Petrita.  Tbe  acceptora  determiae  tbe  low-temperatare  behavior  of  tbe  carrier 
deaaity. 

OXYGEN  ADSORPTION  (Figure  8 1 

la  our  fiaal  figure  we  abow  tbe  effecta  of  oaygea  adaorptioo  oa  tbe  coaductivity  of  the  ataadard 
material.  Both  light  aad  dark  conductivity  are  ahc>wn  for  two  caaea  of  eapoaure  to  oxygen.  Ia  owe 
caac.  the  upper  curve  which  ia  daabed.  tbe  aampJe  waa  coatinuoualy  expoaed  to  100  mwatt/cm^ 
radiatiaa  from  a tungatea  lamp.  Dark  meaaurementa  were  made  by  temporarily  taraiag  off  tbe 
lamp.  1b  tbe  aecoad  cate,  tbe  lower  aoUd  curve,  tbe  aample  waa  ia  tbe  dark  except  to  make  a light 
meaaurement  ia  odiich  caae  the  tuagaten  lamp  waa  laimed  oa.  U la  obvioua  that  tbe  illumination 
acceleratea  oxygen  abaorptioa.  Thia  figure  repreaimta  but  a amall  portioa  of  the  data  taken  on 
oxygen  adaorptian. 

Some  of  tbe  other  important  reauha  are  aa  followa.  (Tabie  V i 

1.  Tbe  effecta  are  reveraible. 

Z,  Tbe  initial  coaiductivity  atate  aa  determined  by  beat  treating  effecta  tbe  aenaitivity  to 
oxygen  odaorption. 

3.  Of  the  three  fiima,  tbe  utaodard  film  ta  the  leaat  aenaitive  to  oxygen  adaorptaon. 

4.  Thinner  fUma,  that  la.  filma  of  one  or  two  coata,  are  more  aenaitive  to  aurygen  adaorption 
than  four  coat  filma. 

5.  Oxygen  adaorption  during  monochromatic  i.UuminatioB  baa  a apectrum  which  followa  the 
optical  abaorption  apectrum. 

6.  The  no-oxidant  material  cannot  be  made  aenaitive  by  either  oxygen  adaorption  or 
deaorption. 

CONCLUSION  (Table  111) 

Although  the  luveatigation  haa  been  officially  completed,  the  data  are  continuing  to  provide 
new  maighta.  Aa  of  now,  theae  concluaiona  repreaent  tbe  major  findinga  of  the  program.. 
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TABLE  L TYPES  OF  PbS  FUJ4S  INVESTX^TED  (U) 


NO-OXlDANT 

OEPOUTED  WlTh’.WT  THE  USE  OF  AN  OXIDAMT 
1,  2.  AND  4 COATt 

STANDAM 

OXIDAMT  OSED  AT  THE  USUAL  CONCENTRATION 

I Z.  AMD  4 COATS 


HIGH -OXIDAMT 

O:0DAMT  USED  AT  A CONCENTRATlCm  4 TIMES 
riE  USUAL 

1 

).  2.  AMD  4 COATS 

TABLE  IL 

TABLE  OF  INVESTKjATIVE  TECHNIQUES  (U) 
(UBcl4kMi£«4) 

ANALYSES 

COMPOSITION  AND  STRUCTUKE 

METHOD 

1.  TRACE  IMPURITIES 

SPARK  SOURCE  MASS  SPECTROSCOPY 

A.  J.  SOCHA.  BELL  AND  HOWELL 
RESEARCH  LABORATORIES 

2,  CRYSTAL  STRUCTURE 

X-RAY  DIFFRACTION  AND  FLUOR- 
ESCENCE 

R.  D.  SLOAN  AND  W.  A.  GARDNER 
SLOAN  RESEARCH  INDUSTRIES 

3.  SURFACE  TOPOGRAPHY 

REPUCA  AND  SCANNING  ELECTRON 
MICROSCOPY 

R.  D.  SLOAN  AND  W.  A.  GARDNER 
SLOAN  RESEARCH  INDUSTRIES 

M.  H.  RITCHIE 

NAVAL  WEAPONS  CENTER. 

CHINA  LAKE 

4.  DEPTH  PROFILES  AND 
TRACE  IMPURITIES 

SPUTTER-ION  SOURCE  MASS 
SPECTROSCOPY 

F.C.  SATKIEWICZ 

CCA  TECHNOLOGY  DIVISION 

ELECTRONTC  PROPER  TE..- 

METHOD 

S.  ABSORPTION  AND 
RESPONSE  SPECTRA 

OPTICAL  SPECTROSCOPY 
P.J.  SCHKEIBER 

SANTA  BARBARA  RESEARCH  CENTER 

6.  PHOTOELECTRONIC 
PROPERTIES 

" , . 

HALL  AND  THERMOELECTRIC  MEAS- 
UREMENTS AS  A FUNCTION  OF 

7.  OXYGEN  ADSORPTION 
AND  KFAT  TREATMENT 
EFFECTS 

1 A 1 iUIw  iXJniLl  1 c.Mr£*KA  1 UKr« 

R.  H.  BUBE,  S.  ESPEVIK  AND 
CHEN-HO  WU 
STANFORD  UNIVERSITY 
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TABLE  UL  LIST  OF  CONCLUSIONS  (U) 
(UiicUsaUiad) 


1.  STmUCTURE  AND  ELECTRICAL  PROPERTIES  ARE 
TYPICAL  OF  GRAINY  MATERIALS  WITH  INTERGRAIN 
BARRIERS. 

2.  PHOTOSENSITIVITY  MAY  BE  EXPLAINED  IN  TERMS  OF 
SENSITIZING  CENTERS  WITHOUT  REFERENCE  TO  THE 
BARRIERS. 

3.  AVERAGE  CONCENTRATION  OF  OXYGEN  WITHIN  THE 
FILM  IS  NOT  CONTROLLED  BY  THE  USE  OF  THE 
030DANT. 

4.  THE  SENSITIZING  CENTERS  ARE  NOT  DUE  SOLELY  TO 
THE  PRESENCE  OF  OXYGEN. 

5.  STRUCTURE  MAY  BE  IMPORTANT  TO  THE  FORMATION 
OF  SENSITIZING  CENTERS. 


TABLE  IV.  CHEMICAL  COMPOSITION  (U) 
(UncUssified 


AVERAGE  CONCENTRATIONS  IN  ATOMIC  PERCENT  OF 
MAJOR  TRACE  ELEMENTS  04  PbS  FILM 


FILM  TYPE 

MAJOR  TRACE  ELEMENTS 

C 

c* 

H 

N 

O 

Si 

NO-OXIDANT 

0.92 

0.020 

0.52 

0.  S2 

2.9 

0.  3S 

STANDARD 

0.74 

O.OIJ 

0.44 

0.44 

2.9 

0.6S 

HICH-OXIDANT 

0,44 

0.  56 

0.  36 

0.  56 

2.  1 

0.  68 

50 


UNCLASSIFIED 


UNCLASSIFIED 


NO'Oxiiteat  Typ* 


Standard  ITO  Typ* 


Higb-Oxidant  Typ* 


FIGURE  I.  SURFACE  TOPOGRAPHY.  Scanaiag  *Uctron  micrograph* 
of  PbS  iilm*.  Sarfac*  and  *dg*  foatur**  ar*  vi*w*d  at  46  ° with  latex 
*ph*r*a  iacliadod  aa  a acal*  r*f*r*nc*.  (Sloan  R*a*arch  Induatri**)  (U) 

(Unclaa*ifi*dl 


No*OxuUnt  Type 


Standard  Typ* 


Migh-OxidanI  typ* 


FIGURE  la.  REPUCA  ELECTRON  MICROGRAPHS.  Thre«  type*  of 
PbS  film  at  moderate  magnification  showing  gross  surface  features. 
(Sloan  Research  Industries)  (U) 

(Unclassified) 
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4 3 25  2 15  Mtovetength,  micron 


Wavalaagth,  microna 


Wavalanfth,  micrana 


Wavalangth,  microna 


So  Oudanl  Tyoa 


Standard  (TO  Typr 


High  Oxidant  Tvpa 


FIGURE  4a.  SPECTRA  AS  A KUNC  riON  OF  WAVELENGTH  Spectral  reaponae 
and  optical  abaorption  aa  a (unction  of  wavelength  (on  an  equal  energy  baaia).  The 
apectral  reaponae  la  given  for  -80  C and  1100  iU  normalized  to  peak  reaponae. 
The  optical  abaor-.tion  la  given  for  C.  (U) 

(Unclaaaifiedi 


UNCLASSIFIED 


Absorption  Coofficiont.  a.  cm 


UNCLASSIFIED 


FIGURE  5.  ppj  AND  VERSUS  1/T.  Typical  behavior  of  the  temperature  dependencies  of  ca^-rier 
density  and  Hall  mobility  for  photosensitive  PbS  films.  (U) 

(Unclassifieo) 


FIGURE  6.  DECAY  TIME  VERSUS  1 /T.  Temperature  dependence  of  the  measured  decay  time  of 
photoconductivity  for  the  standard  film.  Different  values  of  excitation  intensity  are  given  by  L in 
units  of  100  mw/cm^.  Dashed  curves  indicate  the  calculated  lifetimes  from  data  for  excitation  by 
2.  6-)im  and  2,  3>pm  radiation.  (Stanford  University)  (U) 

(Unclassified) 
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(a)  Lorg*  0«pl«tKin  Lasfar 


-Conduction  Bond 


E« 

' Sonsititmo  Cantor* 


Fdrtni  tovoi 


(b)  Small  Odpidtion  Ldyor  Widtb* 

FIGURE  7.  BAND  PICTURE  OF  MODEL.  Energy  level*  in  PbS  photoconductor  a a*  propoaed  by 
Bube  and  co-worker*,  a)  For  large  depletion  layer  width*  a**ociated  with  intergrain  barrier*,  and 
b)  (or  *mall  depletion  layer  width*.  E^  i«  the  energy  required  to  empty  a *en*iti*ing  center,  E^  i* 
the  height  o(  the  Fermi  level  above  the  valence  band.  Eg  i*  the  bandgap,  and  E|,  i*  the  intergrain 
barrier  height.  (Stanford  Univereity)  (U) 

(Unclaesified) 


iO  100  1000 

Time,  min 

FIGURE  8.  OXYGEN  ADSORPTION.  Variation  o(  light  and  dark  conductivity  with  time  after  expo- 
*ure  to  air  for  the  *tandard  four-coat  PbS  film.  Daahed  curve  la  for  data  taken  after  a previoua  fix 
for  66  houra  at  IZ'^C  at  10'^  Torr;  meaaured  under  photoeacitation  with  occaaional  reading  of 
dark  conductivity.  Solid  curve  la  after  a fix  for  88  houra  at  78  C at  leaa  than  10'^  1orr;  meaaured 
under  dark  conditiona  with  occaaional  photoexcitation.  All  data  were  taken  at  room  temperature  and 
the  excitation,  which  waa  from  a tungaten  lamp,  provided  about  lOO  mw/cm^  at  the  aample. 
(Stanford  Univeraity)  (U) 

(Unclaaained) 
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TABLE  V.  OTHER  OntPORTANT  RESULTS  (U) 
(UacUa«ili*d) 


1.  THE  EFFECTS  ARE  REVERSIBLE.  j 

2.  THE  INITIAL  CONDUCTtVlTY  STATE  AS  DETERMINEO  BY 
HEAT  TREATING  EFFECTS  THE  SENSITIVITY  TO  OXYGEN 
ADSORPTION. 

3.  OF  THE  THREE  FILMS.  THE  STANDARD  FILM  IS  THE  LEAST  | 

SENSITIVE  TO  OXYGEN  ADSORPTION.  I 

4.  THINNER  FILMS.  THAT  IS.  FILMS  OF  ONE  OR  TWO  COATS,  I 

ARE  MORE  SENSITIVE  TO  OXYGEN  ADSORPTION  THAT 

FOUR  COAT  FILMS. 

! 

5.  OXYGEN  ADSORPTION  DURING  MONOCHROMATIC  ILLUMI- 
NATION  HAS  A SPECTRUM  WHICH  FOLLOWS  THE  OPTICAL 
ABSORPTION  SPECTRUM. 

6.  THE  NO-OXIDANT  MATERIAL  CANNOT  BE  MADE  SENSITIVE  ’ 

BY  EITHER  OXYGEN  ADSORPTION  OR  DESORPTION.  i 


I 


i 


j 

i, 
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Tk»  paper  it  UNCLASSIHED 


OPTICAL  MEASUKEMENTS  0«  PbSnTt 
(Uticlaatified) 


A.  Lockwood  and  H.  Lavlnttaln 
Syracuac  Uni  vanity 
Syracuaa,  N.Y. 


ABSTKAa 

(Unclaatifiad) 

Tha  taoparatura  depandanca  of  tha  Pb._^Sn  Ta  anargy  gap  haa  baan 
datacminad  by  optical  tranaaiaaion  aaaauroMnta.  Tha  aaaaurad  aaaplas 
hava  conpoaitiona  of  9.  12,  16,  17,.and_2S  par  cant^gnTa  wd  carriar 
concantrationa  ranging  froa  9.0x10^^  ca~'^  to  2.0x10  ’ ca  For  low 
carriar  concantration  aaaplaa,  tha  variation  of  tha  anargy  gap  it  in 
good  agraaaant  with  paaudopotantlal  calculationa  for  PbTa.  Howavar, 
toat  aaaplaa  axhlbit  a nagatlva  dS.I(tt  at  taaparaturaa  laaa  than  approx- 
iaataly  30  K.  For  aaaplaa.wlth.high  carriar  concantrationa,  graatar 
than  approxiaataly  S.OxlO'^"  ca  ^ , tha  aaaaurad  gap  ia  ahiftad  (Burataln- 
Hoaa  offact)  to  lowar  wavalangtha. 


Thla  papar  will  daal  with  tha  datarainatlon  of  tha  Pb^_^Sn^Ta  anargy  gap  aa  a function  of 
taaparatura.  Nuotroua  aaaauraaanta  of  the  Fb^^^rm^Ta  anargy  gap  hava  already  baan  made  at  varioua 
taaparaturaa  and  coapoaltlona.  Thaaa  pravloua  ataauraaanta  hava  Included  dataiainatlona  frow 
photovoltaic  cutoffa  (1),  laaar  aslaalon  wavelength  (2-S),  trananiaalon  (6-9),  and,  in  tha  caaa  of 
pure  SnTa,  tunneling  axparlaanta  (10).  Dixon  and  Bla  (11)  auaaarltad  a large  nuabar  of  thaaa 
■aaauraaenta , and  thla  aunwry  ia  praaantad  in  figure  1.  For  valuaa  of  X laaa  than  approxiaataly 
0.3S,  the  taaparatura  coefficient  of  tha  anargy  gap  ia  aean  to  be  poaitlva,  but  for  SnTa  it  1a 
negative.  Thla  ia  in  apparent  agraaaant  with  the  band  Invaralon  ardal  propoaad  by  Dlaaock  at  al.(3). 

Thla  aodal  la  rapraaantad  acheaatically,  for  a taaparatura  of  12  K,  in  figure  2.  According  to 
thla  aodal,  the  valance  and  conduction  banda  of  FbTa  arc  L^  and  L^  atatca  raapactlvcly.  Aa  tha 
parcantaga  of  SnTa  ia  Incraaacd  in  the  alloy,  decraaaea  aa  the  atatea  approach,  and  becoaca 
taro  at  aoae  Intaraedlate  coapoaltlon.  Aa  the  tin  content  ia  Incraaacd  further,  tha  atatca  inter- 
change, with  tha  L^  now  tha  valence  band  and  tha  L^  the  conduction  band. 

Thla  aodal  lapllaa  that,  for  a coapoaltlon  between  0.35  and  0.60,  aa  the  taaparatura  la  de- 
craaaad  froa  rooa  taapar/iture  toward  0 K,  the  gap  ahould  dccrcaac,  go  to  taro  at  aoac  intcraadlatc 
taaparatura,  and  than  Incrcaaa  aa  the  taaparatura  la  decrcaacd  further.  Thla  behavior  can  be 
repreaanted  in  figure  1 aa  a vertical  tranaltlon  froa  the  300  K curve  to  the  12  K curve  for 
0.35  < X < 0.60.  However,  for  coapoaltiona  greater  than  approxiaataly  35  par  cant  SnTa  the  alloya 

arc  largely  nonatoichioaarric  (aclal  deficient),  and  with  hole  concantrationa  auch  in  exccaa  of 
19  -3 

10  ca  , the  abaorption  ia  prohibitively  high  for  tranaaiaaion  aaaauraaanta  on  bulk  aatcrial. 

Band  invaralon  haa  not  been  obaarvad  directly  in  Fb^_^Sn^Ta  alloya.  It  haa  however,  bean 
obaurvad  by  Strauaa  (12)  in  the  PbSnSa  ayataa,  which  haa  aaaantially  tha  aaae  band  atructurc  aa 
FbSnTa.  Tha  band  invaralon  nodal  ia  alao  aupportad  by  acaaurenanta  of  electrical  raaiatlvity  aa  a 
function  of  taaparatura  (11).  Thaaa  raaiatlvity  ncaauraaanta  ahow  a diatlnct  break  in  an  otherwlac 
linear  depandanca  upon  teaparaturc.  The  taaparaturaa  of  thaaa  breaka  arc  in  agreanent  with  band 
croaaing  taaparaturaa  predicted  on  the  baaia  of  tha  band  invaralon  aodal. 
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Altbottah  tlM  ranga  0.3S  < X < 0.60  la  aapaclally  Intataatlag,  ctyatala  pravloualy  giowo 
for  coa^oaitlofia  of  laaa  than  M par  cant  SnTa.  Avallabla  natarlal  waa  than  a matrlctlon  on  our 
■aaaurananta.  Ha  have  Maaurad  tha  anargy  gap  aa  a function  of  ta«poratura  for  nora  than  ton 
aaaplaa  of  varloua  conpoaltlona  and  carrlor  concantratlona.  Flgura  3 ahow  tha  roaulta  of  ona  of 
our  asparlnanta. 

Tha  aanplo  la  a alngla  cryatal  aactlon  fron  a aona  lavallad  Ingot  grown  and  annaalad  at 
Syracuoa.  Tha  pollahad  cryatal  waa  nountod  on  an  aluadnun  apartura  In  a varlabla  tanparatura 
cryoatat.  Tha  alunlnun  aubatrata  haa  alnoat  tha  aaaa  tat^raturo  coafflclant  of  axpanalon  aa  tha 
Pb-Sn-Ta  alloy  (13),  and  tharaforo  allnlnataa  any  attain  of facta  In  tha  aanpla.  Plguro  3 ahowa  that 
tha  anargy  gap  aa  a function  of  tanparatura  la  non-llnoar;  for  taaparaturoa  graatar  than  approxl- 
nataly  SO  K thara  la  a alight  nogatluo  curvaturo;  and,  for  taaparaturoa  laaa  than  approxlnataly  30  K 
tharo  la  alnoat  no  changa  In  tha  band  gap.  Thaaa  raaulta  aro  In  contraat  to  thoaa  of  Taubar  and 
Cadoff  (9)  who  obaarund  a llnaar  variation  of  tha  anargy  gap  for  tanporaturaa  balow  3S0  K 
(for  X-0.07  and  O.IS). 

For  non-daganarato  ar^-.conductora,  noat  of  tha  variation  In  tha  anargy  gap  with  tanparatura  la 
ballavad  to  com  fron  two  MchanloM:  overall  cryatal  axpanalon  or  contraction  (l.a.  a variation  In 
tha  lattice  conatant  irlth  tanparatura),  and  tha  therMl  notion  of  tha  Ion  coraa  (Oebya-Hallar 
affect)  (14).  Tha  non-linearity  aaaa  balow  approxlMtely  30  K probably  arlaaa  fron  a non- linearity 
of  tha  axpanalon  coefficient  In  thla  tanparatura  region.  For  tanperaturea  laaa  than  approxlnataly 
M K,  the  coafflclmt  of  tharMl  expanalon  of  PbTa  bacoMt  non-llnear,  approaching  aaro  aa  the 
tanparatura  iacreaaaa  (IS).  For  vary  low  tanperaturea  tha  lattice  axpanalon  affectively  donlnatea 
tha  tenptiratura  dependence  of  the  energy  levela  alnce  the  Debye-Haller  ulaplacaMnta  are  anall  (16). 
The  tenparature  dapendance  of  the  band  gap  than  followa  that  of  tha  expanalon  coafflclant.  Tha 
Dabye-Hallar  affact  bacoMa  non-nagllglbla  bafora  tha  thenul  axpanalon  coafflclant  baconea  linear 
and  inparta  the  curvature  to  the  SO  to  300  K region. 

Figure  4 ahowa  a lower  conpoaltlon,  n-type  aanpla.  Thla  aanpla  la  fron  an  annaalad  aactlon  of 
a Caochralakl  grown  cry«tal  obtained  fron  Bai'  and  Howell.  The  variation  of  dE/dl  la  qualitatively 
tha  aaM  aa  aaaa  In  tha  p-typa,  lower  carrier  concentration  aanpla.  Tha  affect  of  tha  thamal 
axpanalon  coefficient  at  low  tanparaturaa  aa  aaen  In  tha  tranenlaalon  data  of  flgurea  3 and  4 haa 
bean  conflrnad  by  an  asiparlMnt  by  Korton  at  al.  (S)  on  a Pbj^_^Sn^Ta  dloda  laaer  (flgura  5). 

Varahnl  (14)  haa  prop>'iad  a relation  for  the  variation  of  tha  anargy  gap  with  tanparatura.  T><a 
aquation  given  by  Varahnl  la  praaantad  In  flgura  6 with  a correapondlng  leaat-aquaraa  fit  to  a aet 
of  our  data.  Thla  nodal  la  baaed  on  tha  well  founded  aaaunptlona  that  tha  thamal  expanalon  co- 
efficient la  llnaar  down  to  aoM  relatively  low  tanparatura,  and  that  tha  Dabya-Uallar  effect  la  tha 
Mjor  contributor  at  hi^h  tanperaturea.  Thaaa  aaaunptlona  lead  to 

AE  « T^  for  T « 6. 

S 0 

AE  « T for  T >>  6- 
I 2 “ 

whare  la  tha  Debye  teigtarature.  Although  E^  ■ E^  > oT  /(e  -f  T)  aatlafactorlly  rapraaenta  axparl- 
Mntal  data  for  SI,  Ge,  CaAa,  InP,  and  otbera,  the  valuea  of  the  e paraawter  do  not  correlate  vary 
well  with  Maaurad  Debye  tanperaturea,  being  only  within  a factor  of  2.S  for  thoaa  aenlconductora  fit 
by  Varahnl.  For  PbTa,  reported  valuea  of  6^^  vary  fron  IIS  K,  at  180  K (17),  to  177  K,  at  0 K (IS). 
For  SnTa,  Sq  varlaa  fron  130  K,  at  80  K (18),  to  141  K,  at  < 1 K (19).  Aaaunlng  alnllar  valuea  of 
for  Pb^  ^Sn^Te,  tha  value  of  11.0  datemined  by  the  fitting  proceaa  la  off  by  more  than  an  order 
of  wagnltude.  Ocher  aanplaa  fit  to  Varahnl'a  relation  give  0 paraMtera  ranging  from  6 to  133. 
Varahnl'a  6 paraMter  then  doaa  not  correlate  at  all  with  the  Debye  temperature  aa  It  should.  More 
powerful  calculatlona  of  the  tenperature  dependence  of  the  energy  gap  era  therefore  necessary. 
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A ra^Mt  calculation  of  tha  taaparatura  dapandanca  of  tha  band  gap  for  PbTa  baa  baan  dona  by 
Taaag  and  Cohan  (20).  Thla  calculation  Involvaa  a aodlflad  aaplrlcal  paaudopotantlal  tacbnlqua.  In 
figura  7,  tha  raaulta  of  Taang  and  Cohan'a  paaudopotantlal  calculation  have  baan  tranalatad  along 
tha  anargy  axla  to  colnclda  with  our  data  froa  figura  6.  Thla  la  dona  to  ahow  tha  agraanant  of  tha 
raapactlva  otE/e(T'a.  Tha  high  taaparatura  raglon  la  in  axcallant  agranaant  with  tha  calculatad 
dE/dT  for  PbTa.  Tha  calculation  alao  Indlcataa  a aaall  davlation  froa  llnaarlty  at  low  taaparatura. 

Figura  8 coaparaa  our  aaaaurad  valuaa  of  dB/dT  for  aavaral  coapoaltlona  with  tha  corraaponding 
valuaa  of  Taang  and  Cohan.  On  thla  baala  it  appaara  that  for  graatar  than  10  par  cant  SnTa,  dE/dt 
incraaaaa  with  incraaalng  SnTa  In  tha  alloy. 

Savaral  aaaplaa  that  wa  hava  aaaaurad  do  not  ahow  tha  aapactad  taaparatura  dapandanca  that  haa 

ao  far  baan  dlacuaaad.  Thaaa  raaulta  ara  ahown  collactlvaly  in  figura  9.  For  tanparaturaa  laaa 

than  approxlnataly  30  K thaaa  caaplaa  aafalbit  a nagatlva  dE/df.  Tha  coapoaltlona  of  thaaa  aaw  '.aa 

ara  9,  16,  and  2S  par  cant  SnTa  with  carriar  concantratlona  of  -3.3x10^^,  49.0x10^^,  and 
16  —3 

■f4.6xl0  cn  raapactlvaly.  For  tha  thraa  n-typa  aaaplaa  wa  hava  aaaaurad  with  coapoaltlona  of  9 
par  cant  SnTa,  only  tha  ona  with  a carriar  concantration  of  -3.3x10^^  ca~^  haa  had  a changa  In  algn 
of  dE/dr.  Tha  othar  9 par  cant  aaaplaa  hava  had  loaar  (-4.9x10^®  cn'^>  and  hlghar  (-4.0x10^®  cn'^) 
carriar  concantratlona.  On  tha  baala  of  thaaa  thraa  aaaplaa  with  X>0.09,  wa  concluda  that  thla  low 
"dip"  la  not  a function  of  carriar  concantration.  Two  of  tha  9 par  cant  SnTa  aaaplaa 
ara  ahown  In  figura  10  for  coaparlaon,  tha  third  aaapla  (ltT8,  ahown  In  figura  4)  la  alaoat  coin- 
cidant  with  RT6,  and,  for  clarity,  la  not  Included.  Slnca  wa  hava  alao  aaaaurad  aaaplaa  of  16  and 
17  par  cant  SnTa  that  ahow  no  "dip",  wa  concluda  that  tha  algn  ravaraal  of  dE/dT  la  probably  alto 
Indapandant  of  coapoaition.  Tha  behavior  of  thaaa  aa^tlaa  la  than  potalbly  due  to  either  an  In- 
purlty  affacr  or  large  InhoMganeltlaa.  Whether  tha  ravaraal  In  algn  of  dE/dr  it  a aanifaatation  of 
band  Invaraton  la  open  to  conaldarabla  apaculation. 

Wa  hava  vary  recently  obaarvad  a tecond  unuaual  taaparatura  dapandanca  of  tha  band  gap  In  tha 
FbSnTe  alloy  ayatea.  Theta  tranaaltaion  Meauraaenta  hava  baan  aada  on  unannealed  aatarial, 
pollahad  and  atchad  to  thicknataaa  of  laaa  than  50  ua.  In  figure  11  wa  coapara  two  aaaplaa  cut  froa 
tha  aaaa  allce  of  tone  lavalled  aatarial;  ona  annealed  down  to  a carriar  concantration  of 
+4.6x10  ca"  , tha  othar  unannaalad  (+1.6x10^’  ca*^).  Tha  large  ahift  of  tha  aaaaurad  optical  gap 
of  tha  unannaalad  aatarial  la  due  to  the  Buratain-Moaa  affect.  A aacoi.J,  alailar  coaparlaon  ia 
ahown  in  figura  12  where  anargy  la  plotted  agalnat  taaparatura  for  an  unannaalad  aaapla  of 
*’**0.83^"0.17^*‘  of  '*>a  long  vavelangth  cutoff  of  a photovoltaic  detector  fabricated 

froa  tha  aaan  alica  of  vapor  grown  aatarial  (21)  ia  alao  plotted  in  figura  12.  Again  a large 
Buratain-Moaa  ahift  ia  obaarvad  for  tha  unannaalad  awtarial. 

Hall  aaaauraaanta  aa  a function  of  teaq>aratura  ara  currently  balng  perforwad  on  all  the  aaaplaa 
wa  hava  aeaaured  optically.  Magneto-optical  axperlaenta  arc  planned  for  tha  future.  It  la  hoped 
that  a correlation  of  tha  optical  and  electrical  data  will  reault  In  a better  undaratandlng  of  the 
baalc  propertlaa  of  the  FbSnTe  alloy  ayatcD. 

We  would  like  to  thank  the  Air  Force  Avlonlca  Laboratory  at  Wright  Pattaraon  Air  Force  Baae, 
Ohio  for  aupportlng  our  work,  and  In  particular,  our  project  noniror,  T.  Plckanpaugh. 
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Auger  Spectrometer  Surface  Studies  of  InSb  After  Detector  Fabrication  Procedures 

(Unclassified) 

Dr.  Randolph  E.  Longshore 
Night  Vision  Laboratory 
U.S.  Arny  Electronics  Command 
Fort  Belvoir,  Virginia  22060 


ABSTRACT 

The  surface  of  indium  antimonide  was  studied  after  various  processing 
steps  that  are  used  in  the  fabrication  of  infrared  photodiodes.  An  Auger 
Spectrometer  was  used  tor  these  surface  studies.  Data  is  presented  of  the 
surface  contamination  and  stoichiometry  resulting  from  etching,  passivation, 
and  diffusion  treatments. 


The  performance  of  infrared  detectors  is  very  sensitive  to  the  condition  of  its  surface. 
Therefore,  tor  optimum  performance  it  is  necessary  to  use  fabrication  procedures  which  will 
leave  surfaces  with  the  proper  physical,  chemical,  and  electrical  properties.  In  this  paper, 
a technique  is  described  tor  characterizing  the  surface  of  InSb  with  an  Auger  Spectrometer. 
Data  is  given  of  the  surface  contaminants  and  surface  stoichiometry  after  various  fabrication 
treatments. 

The  mechanism  of  the  Auger  process  is  described  by  figure  I,  which  shows  a simplified 
diagram  of  the  energy  levels  within  an  atom.  If  the  atom  is  bombarded  with  a sufficiently 
energetic  electron  beam,  an  electron  can  be  removed  from  the  K level  through  a collision. 

Then  an  electron  from  the  L2  level,  tor  example,  will  dropdown  to  fill  the  lower  K level  since 
a more  energetically  favorable  atomic  state  will  be  produced.  In  the  transition  from  the  L2 
to  the  K level,  the  electron  will  release  an  energy  equal  to  the  difference  in  the  energies  of 
the  L^  and  K levels.  This  energy  may  be  transferred  to  another  electron,  in  level  L.  tor 
examine,  and  allow  it  to  leave  the  material.  This  electron  is  called  the  Auger  electron  and  it 
is  labeled  with  standard  x-ray  notation  by  the  sequence  of  events  leading  to  its  ejection  from 
the  material,  i.e.  the  K 1^  L,  electron  in  this  example.  Since  the  Auger  electron  energy  is 
determined  by  the  energi«  of  levels  within  the  atoms,  each  element,  except  hydrogen  and 
helium,  will  have  a characteristic  spectrum  of  Auger  electrons  and  therefore  may  be  identified. 
Furthermore,  the  Auger  electrons  have  energies  of  the  order  of  several  hundred  eV  and  only 
the  electrons  within  a few  atomic  layers  of  the  surface  can  be  ejected  from  the  material.  This 
property  allows  one  to  look  at  only  the  surface  layer  of  the  sample.  Quantitative  data  can  be 
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obtained  from  the  Auger  electron  energy  spectrum  since  the  number  of  Auger  electrons  from 
an  element  will  be  proportional  to  the  number  of  atoms  of  the  eiement^hich  are^nvolved  in 
the  process.  Calculation^ Indicate  that  a surface  concentration  of  10  ^ atoms/cm^  can  be 
detected  with  the  cylindrical  Auger  electron  analyzer. 

A cylindrical  Auger  electron  spectrometer  made  by  Physical  Electronics  Industries  was 
used  to  examine  the  surface  of  indium  antimonide.  Two  types  of  data  are  presented  from  this 
surface  study.  The  first  type  indicates  the  impurities  found  on  the  indium  antimonide  sur- 
face after  various  fabrication  processes.  The  other  gives  the  variations  in  the  indium  and 
antimony  concentration  on  the  indium  antimonide  surface  after  several  di.'.'erent  treatments. 

As  a reference  sample  for  these  surface  studies,  an  Auger  spectrum  oLcleaned  indium 
antimonide  was  taken.  The  sample  was  cleaned  by  ion -sputtering  in  a 5x10  ^ torr  vacuum  and 
the  spectrum  was  immediately  recorded.  The  resulting  Auger  spectrum  is  shown  in  figure  2, 
the  derivative  of  the  electron  energy  distribution  is  plotted  versus  the  electron  energy  in  eV. 

The  doublet  peaks  near  400  eV  correspond  to  indium  and  those  near  450  eV  are  the  antimony 
peaks.  The  smaller  peaks  are  also  attributed  to  indium  and  antimony?-  No  other  elements  are 
shown  except  for  an  argon  peak.  The  argon  was  introduced  as  sputter  gas  during  the  ion- 
cleaning, and  some  of  the  argon  atoms  were  implanted  into  the  surface. 

The  starting  samples  for  the  detector  fabrication  were  40  mil  thick  indium  antimonide 
wafers  that  had  been  polished  on  the  "B"  side  by  Cominco.  The  Auger  spectrum  of  this  sur- 
face is  shown  in  figure  3.  Since  this  spectrum  was  taken  at  high  sensitivity,  the  prominent 
peaks  between  300  and  500  eV  were  too  large  to  lie  within  the  scale  of  the  figure.  Several 
impurities  are  indicated.  These  include  sulfur,  cholerine,  and  carbon  with  small  amounts 
of  flourine  and  sodium.  The  peaks  near  100  eV  are  believed  to  be  arsenic  peaks.  Data  taken 
with  electron  energies  above  1000  eV  also  indicated  the  presence  of  arsenic  on  the  surface  in 
large  concentrations.  From  an  examination  of  the  indium  surface  concentration,,  it  is 
believed  that  the  polished  surface  is  contaminated  with  indium  arsenide. 

In  continuing  the  study  of  fabrication  techniques,  the  indium  antimonide  surface  was 
examined  after  two  different  passivation  processes.  One  wafer  was  immersed  in  the  H-lOO 
solution  described  by  Henneke.^  The  Auger  spectrum  of  the  H-lOO  sample  is  shown  in  figure  4. 
Three  element';  are  prominent.,  potassium,  indium,  and  oxygen.  The  size  of  the  antimony 
peak  indicates  a low  antimony  concentration.  This  surface  appears  to  consist  of  an  indium 
oxide  plus  potassium  or  some  compound  of  potassium.  Potassium  is  part  of  the  H-lOO  formula 
as  potassium  hydroxide  and  some  form  of  potassium  was  deposited  ori  tne  sample  surface  during 
the  passivation  treatment. 

The  second  passivation  technique  is  described  by  Minamoto  .'nd  Allen  in  which  an  indium 
antimonide  sample  :s  anodized  in  a 0.  IN  potassium  hydroxide  solution.  The  resulting  Auger 
spectrum  is  showi.  in  figure  5.  In  this  case,  the  surface  consists  of  indium  and  oxygen, 
with  small  concentrations  of  antimony,  this  surface  layer  appears  to  be  composed  of  an 
indium  oxide  plus  small  amounts  of  antimony  or  antimony  oxide.,  or  some  combination  of 
these  mater  idls. 
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Auger  spectra  were  taken  of  the  indium  antimonide  surface  after  etching  in  different 
solutions  and  after  cadium  diffusion.  The  etches  used  are;  201  Bromine  in  methanol. 

Lactic  Acid:  Nitric  Acid:  Hydrofluoric  Acid  in  the  ratio  30;5;2^'  and  a modified  CP4  solutbn 
referred  to  as  CP4B.^  The  cadium  diffusion  was  carried  out  m a pyrex  ampoule  with  an 
antimony  shot  to  supply  an  antimony  backpressure.^  A summary  of  these  data  is  shown  in 
Table  I.  The  impurities  are  lifted  in  order  of  decreasing  surface  concentration.  There  were 
some  variations  in  these  concentrations  over  the  indium  antimonide  surface  and  Table  I 
indicates  an  average  trend  of  the  impurity  concentrations. 

Carbon  and  oxygen  are  found  to  be  tne  most  commoi  major  impurities  on  all  surfaces 
examined.  These  elements  are  mainly  due  to  absorption  of  oxygen  and  carbon  dioxide.  Ex- 
ceptions to  this  are  cases  where  oxygen  occurs  from  the  passivation  treatments.  Another 
source  of  carbon  is  from  organic  solvents  used  in  cleaning  which  contain  hydro-carbons. 
Sulfur  and  chlorine  are  also  common  impurities  but  these  elements  occur  in  lower  concen- 
trations than  the  oxygen  and  carbon.  There  are  two  possible  sources  of  chlorine.  Sodium 
chloride  from  handling  the  sample  is  one  possibility  since  sodium  is  also  observed  in  some 
cases.  Also,  trichloroethylene  used  in  wafer  cleaning  is  another  source  of  chlorine  con- 
tamination. Contamination  from  the  stainless  steel  sample  holder  could  contribute  such 
impurities  as  sulfur.,  carbon,  and  chlorine.  In  most  cases  these  elements  were  found  to  be 
real  surface  contaminants  and  not  bulk  contaminants  since  they  were  removed  by  sputtering 
away  approximately  100  A of  surface  material.  Exceptions  to  this  were  of  course,  oxygen  on 
the  passivated  surfaces  and  iron  on  the  antimony  doping  sample  which  is  used  to  supply  cn 
antimony  backpressure  during  cadium  diffusions.  Apparently,  iron  is  a bulk  impurity  m the 
antimony  sample. 

Further  comparisons  bebiev  n samples  were  carried  out  by  considering  the  Auger  peak 
heights  which  are  proportiona'  to  the  concentration  of  the  corresponding  element  Consider- 
able amounts  of  carbon  and  chlorine  were  found  on  the  surface  of  the  cadium  diffused  sample 
relative  to  the  other  samples.  The  sample  etched  in  CP4B  and  the  anodized  sample  had  the 
cleanest  surface.  However ,,  the  oxygen  and  carbon  concentration  on  the  chemically  etched 
samples  were  approximately  the  same.  Unfortunately,  several  elements  could  not  be  detected 
on  the  indium  antimonide  surface  due  to  the  position  of  the  antimony  and  indium  peaks.  The 
primary  peaks  of  nitrogen,  tellurium,  and  cadium  occur  close  to  either  antimony  or  indium 
peaks  and  are  not  measurable  if  they  exist  in  low  concentrations  on  the  surface. 

The  second  type  of  data,  concerning  the  indium  and  antimony  concentration  was  mea- 
sured along  with  sputter  cleaned  indium  and  antimony  as  reference  samples.  A summary  of 
this  data  is  given  in  Table  i I.  The  fractions  given  in  Table  1 1 are  rounded  off  to  two  places. 

The  ratios  given  in  Table  1 1 are  more  accurate  and  are  calculated  directly  from  the  peak  heights 
from  tne  Auger  spectra.  For  the  indium  antimonide  standard,  the  fraction  of  indium  and 
antimony  are  slightly  less  than  the  0.5  values  expected.  This  difference  is  either  due  to 
errors  in  the  measurements  or  to  the  presence  of  small  amounts  of  impurities  on  the  surface. 
The  ratio  of  indium  to  antimony  is  equal  to  one  as  expected.  The  polished  sample  is  found  to 
be  indium  rich,  possibly  due  to  the  presence  of  indium  arsenide  on  the  surface. 


UNOASSIHED 


In  compiring  the  chemicilly  treited  sanpies.  the  bromine-methanol  and  lactic-nitric- 
hydroflouric  etched  samples  are  found  to  have  approximately  equal  amounts  of  indium  and 
antimony.  However,  the  CP4B  etched  sample  is  found  to  be  antimony  rch.  The  H-IQO 
treated  and  anodized  samples  are  found  to  be  indium  rich.  The  ratio  value  for  the  anodized 
layer  is  in  good  agreement  with  Dewald's  dataW  the  first  20  A of  an  anodized  layer.  The 
last  sample,  after  a cadium  diffusion  is  found  to  be  siigntly  indium  rich.  This  is  possibly 
due  to  the  out  diffusion  of  Sb  from  tfie  surface.  Although  an  antimony  tsack  pressure  was 
used  during  the  diffusion  . temperature  vanatnns  in  the  diffusion  cycle  may  have  caused 
some  out  diffusion  of  the  antimony. 

In  terms  of  detector  fabrication,  these  finding  indicate  that  either  the  bromine- methanof 
or  the  lactic-nitric -hydroflour ic  etch  should  be  used  since  they  produce  a stoichiometric  sur- 
face. In  comparing  the  two  passivaton  techr  ^ues  the  M-iOO  treatment  leaves  potassium  or 
the  surface  which  could  possibly  cause  trouble  in  later  parts  of  the  detector  processing.  It 
IS  also  found  that  the  polishing  process  greatly  contaminates  the  indium  antimonide  surface 
and  special  care  should  be  used  to  keep  the  polishing  technique  clean  and  m cleaning  the 
wafer  after  polishing.  An  examination  of  a polished  surface  after  being  etched  in  the  20^ 
bromine-methanol  solution  for  one  minute  appeared  to  remove  the  surface  contamination  and 
leave  a stiochio metric  surface. 
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of  a Study  of  tha  Intaraction  batwaan  Lithlua  and 
;a«aral  daap  accaptor  lupurltioa  in  CankaniuM* 
(Unclaaaiflad) 


Paui  LoVaeehio*.  Kavin  Rxlay  and  Hanry  Lavinatain 
Syracuaa  Univarsity 
Syracusa,  Naa  York 


ABSTRACT 

Xapurity  pairing  in  gantanium  hai  baan  invastigatad  for 
its  potantial  to  produca  a naa  fanily  of  axtrinsic  ganaaniuai 
infrarad  datactun  TTta  uapurity  pairs  studiad  aare  formad 
by  tha  intaraction  of  tha  donor  lithiun  aith  each  of  tha  daep 
aultivalant  acceptors  Zn.  Hg<  Au,  Mi,  md  Mn.  Tha  location 
aithin  tha  forbidden  energy  gap  and  the  concentration  of  these 
resulting  paired  states  aare  dataxninad  by  resistance  versus 
temperature.  Hall  and  photoconduct ive  spectral  raspons'  mea- 
sureskants.  An  investigation  of  tha  intaraction  of  lithium 
aith  the  impurities  Mi  and  Mn  was  made  possible  by  the  devel- 
opment of  a technique  employing  an  In-Li  alloy  as  the  medium 
from  which  lithium  diffusion  proceeded  into  the  doped  germanium. 

As  a result  of  this  study,  it  has  been  found  that  the 
lithium,  deep  acceptor  impurity  interaction  in  germanium  is 
sufficiently  strong  to  produce  an  impurity  pair  stable  at 
room  temperature.  Hall  and  resistance  versus  temperature 
measurement  have  led  to  thermal  activation  energies  of  11.0 
± .4  meV,  32  ± 1 roeV,  and  100  + 10  meV  for  the  impurity 
pairs  Zn-Li,  Hg-Li,  and  Mn-Li  respectively.  These  energies 
for  the  Zn-Li  and  Hg-Li  are  in  substantial  agreement  with 
the  values  reported  by  Morin  and  Reiss'''''for  Zn-Li  and  Williams 
and  Breazele for  Hg-Li.  The  100  meV  Mn-Li  level,  however, 
has  not  previously  been  reported  and  represents  a new  and  possi- 
bly useful  member  of  the  extrinsic  germanium  infrared  detector 
family.  Photoconduct ive  thresholds  of  12&39  micrometers 
» associated  with  the  Mn-Li  and  Hg-Li  impurity  pairs  respectively 

arc*  in  good  agreement  with  the  thenoal  activation  energies 
observed.  Preliminary  results  of  the  interaction  of  lithium 
with  Au  nr.d  Mi  impurities  in  germanium  are  also  presented. 

*P.  LoVecchio  is  presently  employed  at  Night  Vision  Laboratory. 

This  paper  presents  the  results  of  our  study  on  impurity  pairing  in  germanium.- 
In  particular  we  were  interested  in  pairing  of  the  donor  lithium  with  various 
multivalent  acceptor  impurities.  Our  goal  was  to  use  this  pairing  to  produce  a 
new  extrinsic  germanium  detector  sensitive  in  the  8 to  14  micrometer  region. 

First,  it  would  be  best  to  briefly  describe  pairing  and  indicate  how  it 
differs  from  the  more  conmon  compensation.  Two  impurity  atoms  are  considered 


paired  if  they  are  situated  close  enough  to  each  other  within  the  host  lattice 


83 


f 

I 


I 

I 


UNClASSiFIED 

I (9«iMiiiuM  in  thi*  cf9)  to  altor  thoir  *n«rgy  iev«l  s within  the  forbidden  gep. 

(1) 

Por  the  iapuritiee  lithiuai  and  rxnc  in  oe.'maniuw  this  distance  has  been  found 

to  be  of  the  order  of  one  lattice  constant.  This  is  to  be  contrasted  with 

coagwnsation  where  a distance  of  at  least  several  lattice  constants  separates  the 

donor  and  acceptor  iaipurity  atons.  This  distance  is  sufficient  to  nininize  the 

inpurity  interaction  and  cause  no  energy  levels  to  be  altered. 

In  the  course  of  our  experisMnts  we  looked  at  the  interaction  between  lithiue 

and  the  acceptor  mpurities  Zn,  Hg,  Au.  Mi  and  Mn.  The  location  of  these  acceptor 

j energy  levels  created  within  gemaniuai's  forbidden  gap,  when  there  is  no  inter- 

(2.3,4) 

{ action  with  lithiun,  is  well  known  and  shown  in  Pigure  i. 

If  we  now  take  a sample  of  germanium  doped  with  one  of  these  acceptor 

impurities  and  into  it  diffuse  an  equal  concentration  of  lithium,  where  the  sample 

is  prevented  fxxmn  converting  to  n-type,  it  has  been  found  that  the  position  of  the 

active  acceptor  level  becomes  more  shallow,  or  shifts  toward  the  valence  band.  In 

fact,  more  accurately,  the  two  acceptor  levels  associated  with  the  divalent 

impurity  no  longer  e/ist  at  all  upon  such  pairing  with  lithium.  Figure  2 shows 

the  effect  which  pairing  with  lithium  was  found  to  have  on  the  energy  levels  of 
(1)  (5) 

Zn  and  Hg  in  germanium.  As  can  be  seen  there  appears  to  be  some  relationship 
between  the  depth  of  the  original  acceptor  levels  and  the  depth  of  the  final  lithium 
paired  level.  This  caught  our  eye  and  since  we  luiew  we  were  aiming  for  a final 
paired  level  in  the  neighborhood  of  0.1  ev,  we  choose  the  very  deep  acceptors  Mn, 

Ni  and  Au  to  pair  with  lithium. 

Diffusing  lithium  into  Ge:Au  we  were  able  to  prove  that  Au  and  Li  do  indeed 

pair  in  germanium,  with  the  Li  not  merely  compensating  the  Au.  This  was  proven 

by  measuring  the  electron  Hall  mobility  in  Gc;Au  which  had  been  converted  to  i-type 

after  Li  diffusion.  The  large  magnitude  of  the  mobility  at  low  temperatures 
32  -1-1 

(10  cm  volt  sec  at  8 Kelvin)  indicated  very  little  ionized  impurity  scattering 
was  occuring,  whicli  would  not  have  been  the  case  it  the  Li  were  compensating  the 
Au  acceptors  (lO'^^  Au  atoms/cc). 

However,  even  at  the  lowest  temperatures  of  lithium  diffusion  ( 165°C)  the 
samples  consistently  converted  to  n-type,  which  prevented  us  from  measuring  the 
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location  of  tha  Au-Li  |>aixa<l  accaptor  laval.  Ke  than  aovad  on  to  the  iapuritias 
■i  and  Nr. 

With  tha  ehoica  of  thaaa  iaipuritias.  howavar.  a problan  arose.  To  diffuse 

lithiun  into  tha  bulk  of  a Nn  or  Hi  dopao  9amaniun  saople  the  conventional 

procedure  is  to  alloy  a thin  coatxn9  o:  pure  lithiun  to  tha  surface  of  the 

9amaniuai  sssH>la  at  about  40Q°C  and  than  diffusa  lithiun  fron  this  alloy  region 

into  tha  bulk  of  the  ganMniusi.  Tbe  problan  arises  when  you  subject  a piece  of 

Nn  or  Hi  doped  gamaniun  to  tasgieratures  of  400^C  for  as  little  as  30  seconds. 

This  is  enough  to  naka  tha  Hn  or  Hi  levels  no  longer  active  and  cause  them  to  be 

replaced  by  a relatively  shallow  .05  ev  level.  This  phenomenon  had  been  studied 
(6)  (7) 

previously  by  Panning  and  Tyler  and  was  referred  to  as  impurity  precipitation. 

To  get  around  this  problem  we  developed  the  technique  shown  in  Figure  3 for 

lithium  diffusion  adiich  allows  the  doped  germanium  sample  never  to  be  heated  to 

temperatures  higher  than  that  at  wixich  lithium  diffusion  is  taking  place,  or  about 
o 

200  c.  The  heart  of  this  technique  is  the  In-Li  alloy,  containing  C.4  weight  % 

Li  in  In.  At  the  diffusion  temperatures  used  the  Indium  has  a very  low  diffusion 
coefficient  in  germanium  allowing  only  insignificant  Indium  diffusion  into  the 


sample.  However,  the  Li  diffuses  in  quite  readily  at  these  temperatures.  The 
particular  alloy  composition  we  choose  had  a melting  point  of  155®C  and  therefore 
could  be  used  for  low  temperature  lithium  diffusion. 

To  test  the  effectiveness  of  this  method  we  used  it  on  samples  of  zn  and  Hg 
doped  germanium  since  some  of  the  results  of  lithium  pairing  with  these  Impurities 
were  already  known  as  has  been  mentioned.  Our  results,  using  th^  In-Li  alloy 
were  in  good  agreement  with  those  previously  reported  and  gave  us  confidence  in 
our  method. 

Figure  4 shows  the  results  of  photoconductive  spectral  response  measurements 
made  on  tvfo  samples  of  lithium  diffused  Ge;Hg.  Also  included  is  one  of  their 
controls.  You  can  see  the  shift  in  the  threshold  from  12  to  39  micrometers  in 
very  good  agreement  with  results  of  our  Hall  measurements.  X^soking  a ’ Htle  more 


closely  at  the  threshold  of  the  Hg:Li  pair  we  noticed  the  electric  field  dependence 


shoivn  in  Figure  5.  Further  study  will  be  needed  to  determine  the  cause  of  this 
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behavior. 

At  thi»  ti»e  I'd  like  to  point  out  that  wc  never  no..iCed  any  significante 
-iissoc lat ion  of  these  pairs  when  stored  at  rooei  temperature . They  apf>ear  quite 
stable. 

We  then  used  this  In-l.i  alloy  method  on  CetNi  but  with  dlsssppo int inq  results. 
We  could  see  no  significant  change  in  the  activation  energy  after  using  the  alloy, 
but  the  acceptor  density  did  decrease  by  a factor  of  two  or  more  after  each 
diffusion  indicating  lithium  was  getting  in.  Control  saaqiles  isaersed  in  pure 
indium  showed  no  such  decrease.  Either  the  lithium  was  compensating  the  Hi  or 
pairing  to  produce  a level  identical  with  that  of  the  lowest  Ni  level.  In  either 
case.  It  was  obvious  that  wa  weren't  going  to  get  a .lev  level  fsom  Li  diffusion 
into  GeiMi;  so  we  looked  at  the  results  of  Li  diffusion  into  GetMn  using,  once 
again,  our  In-Li  alloy. 

Here,  to  our  great  satisfaction,  we  got  the  results  we  were  after.  The 
GeiMn  used  for  this  experiment  contained  approximately  10^^  Mn  atoms/cc  and  had 
a thermal  activation  energy  of  .16  eV  before  Li  diffusion.  Immersion  in  the 
In-Li  alloy  for  3 days  at  200°C  consistently  reduced  this  activation  energy  to 
. 10±  .01  eV.  This  shift  in  the  thermal  activation  energy  was  accompanied  by 
the  change  in  the  photoconduct ive  spectral  response  of  one  of  the  samples  shown 
in  Figure  6.  You  can  note  the  enhanced  sensitivity  due  to  the  Mn-Li  acceptor 
pairs  in  the  8 to  12  micrometer  region.  The  peak  response  at  5 micrometers 
indicates  the  presence  of  some  free  Mn  still  unpaired  with  Li.  To  reduce  the 
amount  of  unpaired  Mn  we  Li  diffused  at  a higher  temperature  to  introduce  more 
Li  into  the  sample.  Figure  7 shows  the  results  of  this  diffusion.  At  6 Kelvins 
the  response  by  the  Mn-Li  pairs  appears  to  be  more  significant,  but  unpaired  Mn 
is  still  playing  a large  role.  The  response  at  77  Kelvin  shows  that  indeed  free 
unpaired  Mn  is  present  since  charge  carriers  from  the  .lOeV  Mn-Li  state  have 
already  been  thermally  excited  and  wouldn't  be  optically  --ctive  at  this  temperature. 

From  these  results  with  the  Mn-Li  pair  we  feel  we  have  found  a new  extrinsic 
level  in  germanium  capable  of  giving  a peak  response  in  the  10  to  12  micrometer 
region.  A further  study  of  this  Ic'el  will  now  be  needed  to  determine  the  full 
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Figure  1 - Position  of  impurity  levels  with  no  lithium  interaction. 
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Figure  2 - Effect  on  Zn  and  Hq  impurity  levels  when  paired  with  lithium. 
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Figure  5 - Electric  field  dependence  of  photoconduct ive  threshold  obaerved  in 
Geillg-Li. 
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! Figure  6 - Enhanced  sensitivity  in  8 to  14  micrometer  region  produced  by  lithium 

f diffusion  into  GetMn. 
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Flgurs  7 - Results  of  higher  lithium  diffusion  temperature  than  that  shown  in 
Figure  6. 


SUMMARY  OF  PAIRIN6  RESULTS 


ACCEPTOR 
IMPURITY  |A| 

LOWEST 

UNPAIREOjA-i 

tV 
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Zn 

.032 

.010  1 .0005 

Hg 

.092 

.032  1 .001 

Ni 

22 

? .22 

Au 

.14 

YES 

Mn 

.16 

.10  1.01 

Figure  8 
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RECOMBtHATIOW  CIOJS-SECTIOM  Kt.  HOUtS  IM  C«;Ht 
AtTI  EUCTKOMS  IW  K-IT?E  St 
(UnclM«lfl«d) 

P,  Norton,  T.  Braggtn*  and  H.  Lavlnitoln 
OaparCMnt  of  Physics 
Syracuss  tlnivsrslty 
Syracuaa,  Haw  York 

ABSTKACT 

(UncLasslflad) 

Tha  racoablnacion  cross  sactlon  for  awrcury-dopad  gananiia 
has  baan  Maaured  batvaan  4-40  K,  ir  tha  Unit  of  low  alactric  flalds. 

It  waa  found  to  be  Identical  to  tha  croas-aactlon  of  csppar-doped  garmaniusi. 
Trapping  by  raaldual  copper  laq>urltlas  In  tha  aercury-dopad  saaples  was 
accountad  for  by  quantitatively  detaralnlng  tha  density  of  these  canters 
froa  carrier  concentration  and  aobllity  analysis.  The  racoabinatlon  cross- 
section  of  phoaphorous-dopad  SI  was  e*asurad  in  tha  low  flald  Halt,  between 
3-20  K.  The  teapersture  dependence  agrees  well  with  the  quantua  aachanlcal 
thaory  for  racoahlnatlun  In  silicon,  but  the  aeasured  cross-section  is  aore 
Chan  an  ordar  of  aagnltude  larger  than  the  calculated  value. 


1.  NEKCVBY-OOPEO  GEBMANIUN 

Haasureaant  of  the  racoabinatlon  cross-section  for  holes  In  aercury-dopad  getaanlua  is 
coapllcatad  by  the  presence  of  residua.''  copper  lapurlties  which  act  as  trapping  centers. Be- 
cause the  diffusion  coefficient  of  copper  is  large  in  geraaniun  at  teaperatures  near  the  Belting 
point,  copper  can  easily  entar  the  crystal  whan  doling  with  acrcury  Although  the  total  concentrat- 
ion of  copper  aay  be  aore  than  three  orders  of  aagnltude  less  than  the  concentration  of  aercury, 

copper  aay  still  strongly  Influence  the  carrier  lifetlae.  Detsmlnation  of  the  racoabinatlon  prop- 

(2  A) 

ertles  of  copper  and  shallow  lapurltlas,  studied  in  earlier  work,  * mak''s  it  possible  to  under- 
stand quantitatively  the  lifetlae  behavior  shown  by  aercury-dopad  geraaniun.  Figure  1.  shows  the 
shows  the  energy  levels  of  shallow  accaptors,  copper  and  aercury.  Since  the  energy  level  of 
aercury,  like  copper.  Is  deeper  than  the  optical  phonon  energy,  the  reconblnatlon  properties  of 
singly  Ionised  copper  and  aarcury  lapurlties  are  expected  to  be  slnilar. 

Figure  2.  shows  the  results  of  coapansatlng  tha  aercury  level  in  copper-contaelnsted, 
aercury-dopad  geraanlua.  Donor  lapurlties  oust  be  added  to  fill  coapletci.y  the  lowest  copper  level 
near  .04  eV,  and  fill  partially  the  aercury  level  at  .09  eV.  At  low  teaperatures  and  weak  lllua- 
inatlon,  holes  excited  Into  tha  valence  band  can  raconblne  on  the  coapensated  aercury  centers,  or 
becoae  trapped  on  coapensated  copper  canters.  (At  low  enough  teaperatures,  shallow  acceptors  aay 

also  act  as  trapping  centers,  but  wc  shall  Ignore  this  additional  coapllcatlon.)  Unless  very  fast 

12 

response  tlaes  are  required,  typical  coapensal ion  of  detector  aaterlal  will  product  between  10 
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-4  10“  coapcMatad  Cuireury  atoM  par  cubic  caatlaatar. 
Siuca  tha  a«*ar  of  coataalaaclBC  coppar  caatara  la  about 
aqual  to  tbla  laual  of  eoapanaatlen,  at  laaat  In  aatarlal 
wa  haua  Maaurad,  tha  nuabar  of  coppar  trapa  la  coapar- 
hbla  Ir.  aapn1tu4a  to  tha  nuabar  of  aarcury  racoablaatlon 
caatara. 

In  ordar  to  uadaratand  tha  bahavlor  of  a 
gluon  aaaf/la,  «a  auat  ba  abla  to  datomlna  tha  nuabar  of 
coapansacad  aarcury  atoaa,  and  tha  euabar  of  c -n!:a=ir.> 
atlng  coppar  cantara.  Thla  la  poaalbla  by  analytlng  both 
tha  toaparatura  dapandanco  of  tha  carrlar  concantratlon 
and  tha  uoblllty,  aa  aaaaurad  froa  tha  Hall  affact. 
Aaalyala  of  tha  flrat  of  thaaa  glvaa  tha  donatty  of 
coapanaatad  aarcury  cantara.  In  tha  caaa  of  lonltad 
tapurlty  acattarlng,  which  centrlbutaa  to  th»  total 
acattarlng  llfatlaa  froa  which  wa  dotaralna  tha  carrlar 
aoblllty,  both  lonltad  aarcury  and  coppar  cantara  will 
contrlbvta.  That  a coaplato  analyala  of  tha  carrlar 
aoblllty  allowa  ua  to  datamlna  tha  coablnad  danalty  of 
coapanaatad  coppar  and  aarcury  cantara.  Thla  hat  baan 
carried  out  for  two  aorcury-dopad  aaaplaa.ona  of  wblch 
waa  grown  In  our  laboratory,  aaapla  A.  and  ona  of  which 
wao  auppllad  by  a aanufacturar  of  thaaa  datectora, 
aaapla  B.  Datalla  of  tha  S9»1y9la  tachnlqua  have  boon 
raportad  In  oarllar  work. Plguta  3.  abowa  tha 
raaulta  of  this  analyala.  Wa  aaa  that  aaapla  A haa 


Figure  1.  mratlTT  ums  IR  OtlWRIW. 


Figure  2.  CCMPIRSATBD  MUCUiT-DOPED  Ga. 
Coapanaatlng  donor  elactrona  coaplotaly 
fill  realdual  coppar  accaptora. 


3 13 

about  talc  /ca  of  copper,  while  aaapla  B haa  1.4x10 

coppar  Itpurltlaa  per  cubic  cantlaatar.  In  both  caaaa  tha  danalty  of  coapanaatad  coppar  la  claarly 
non-cagllglbla  conparad  with  tha  danalty  of  coapanaatad  aarcury  cantara. 


RtsuLT*  Of  ctJMita  caaenTUTiao 

aOBItlTT  MM.Y0II 
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t 

• 
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T.O  ■ iO** 

2.«  1 10*3 

W(T> 

t.3  1 10*3 

1.0  1 10*3 

To  aaa  tha  actual  affacta  of  thaaa  ralatlw* 
ly  larga  nuabar  of  trapping  cantara  on  tha  raaponaa 
tlaa,  pbotoconductiva  dacay  aaaauraaanta  ara  ahown  In 
Flguraa  4-7.  for  taaparaturaa  batwaan  4.9  and  S7  K. 

At  tha  lowaat  taaparatura.  thaiaal  lonliatlon  of  tha 
coppar  trapa  la  iRpooalbla.  and  holaa  trappad  on  thaaa 
cantara  nuat  be  photolonliad  to  raantcr  tha  valence 
band.  Hence,  a aecondary  raaponaa  tine,  with  a tlna 
Aonatant  charactarlatlc  of  the  tharaal  trap-relaaae 
tine  cannot  ba  obaervad.  At  tenperaturea  above  20  K, 


Figure  3.  COMPENSATION  ANALYSIS.  Carrier 
concantratlon  analyala  glvaa  danalty  of 
coapanaatad  aarcury  cantara.  Mobility  an- 
alyala glvaa  danalty  of  coapanaatad  aarcury 
and  coppar  lapuritlaa.  Subtraction  glvaa 
concantratlon  of  copper  trapa.  Valuea  era 
given  In  danalty  par  cubic  cantlaatar. 


tharaal  ralaaaa  of  coppar  trapa,  and  aubaaquant  capture 
by  aarcury  raconblnatlon  cantara  (or  another  tropj 
glvaa  a two  tlaa  conatant  dacay.  Detailed  aruatlona 
daacriblng  tha  kinetics  of  this  have  been  given 
alaawhara.^^’*^ 
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Flgur«  4.  PHOTOOONDUCTIVE  SIGNAL  DECAY. 
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Figure  5.  PHOTOCONDUCT I VE  SIGNAL  DECAY. 
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Figure  6.  PHOTOCONDUCT I VE  SIGNAL  DECAY. 


Figure  7.  PIIOTOCONDLCTIVE  SIGNAL  DECAY. 


Photo-Hell  ncesurcnients  were  made  on  samples  A and  R to  determine  the  temperature 
dependence  of  the  average  cerrler  lifetime  over  the  temperature  region  below  AO  K.  To  understand 
thaae  steady-state  measurements,  we  distinguish  two  separate  temperature  regions.  First,  below  20  K 
the  generation  of  carriers  Is  entirely  optical,  and  takes  place  from  neutral  mercurv  and  copper 
centers.  Since  the  number  of  neutral  copper  centers  is  much  smaller  than  the  number  of  neutral 
mercury  centers,  we  can  ignore  optical  generation  from  neutral  cooper.  However,  both  mercurv  and 
copper  centers  which  are  singly  Ionized  will  provide  recoroblnarion  centers  (the  distinction  between 
copper  being  a trap  or  recombination  center  Is  ignored  since  only  the  spectral  sensitivity  will 
dlstlnguiih  how  holes  can  be  removed  from  these  impurities  below  20  K.)  The  second  region,  above 
30  K,  ht's  a generation  term  due  to  optical  generation  of  neutral  mercurv  and  thermal  generation  of 
neutral  copper.  Again  the  neutral  copper  density  will  be  negligible  and  will  be  ignored.  Recomb- 
ination in  this  region  will  only  occur  through  singly  Ionized  mercurv  centers,  since  holes  captured 
on  copper  canteis  will  be  rapidly  reionized  due  to  thermtl  excitation.  The  generation  and  recomb- 
ination terms  for  these  two  cases  are  summarized  in  Figure  8.,  .and  tlie  results  are  displayed  ior  tlie 
case  of  a photo-Hall  measurement  in  Figure  9.,  where  p«Ci  is  assumed  to  be  valid.  The  region  between 
20  and  30  K will  be  a transition  between  these  two  cases.  Figures  10.  and  11.  show  the  results  of 
the  photo-Hall  measurement  foi  samples  A and  U.  The  inflection  In  tlie  photo-ilail  si.ipe  between  2o 
and  30  K can  be  seen  in  both  cases.  The  thermal  activation  temperature  dependency  i.s  siiown  foi 
copper  (dashed  line)  and  mercury  (solid  line;,  along  with  the  results  ol  diicct  photoconductivo 
decay  measurements. 
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Plgure  8.  GENIUTION  AMO  UCOMBIHATIOM 
EQUATIONS.  Carrier  generation  and  recoablnation 
terae  are  shown  for  aercury-doped  genaanlua  for 

Figure  9.  RESULTIMC  CAMtlEIt  CONCENTRATIOM 
BASED  ON  EQUATIOMS  IN  FIG.  8.  AMD  THE 
APFEOXIMATIONS  GIVEN  IN  TEXT. 

two  CMpwratur*  raglou. 


Flgur*  10.  MIASUItKtnrrs  ON  SAMPLE  A.  Photo-  Flgur*  11.  HEASUKOIlirrs  OH  SAHPU  B.  Photo- 
Hall  data  haa  baan  nonMlliad  to  photeconductlva  Hall  data  haa  baan  noraallaad  to  photoconduct- 
dacay  data  balow  20  K.  Iva  dacay  data  below  20  K. 


Figure  12.  UCOKBIMATIOH  CIDFS-SECTIONS . 
Raaulta  of  two  aarcury-doptd,  copper  cont- 
aainatad  aamplea,  A and  B,  coaparcd  with 
ganaaniua  doped  only  with  copper.  The 
agreeaent  balow  20  K Indicatea  that  the 
recoablnation  croaa-aection  for  nercury 
la  Identical  to  that  of  copper. 


How  do  we  aeparate  the  croaa  aactlona  of 
the  copper  trapa  froa  thoaa  of  the  aarcury  recoid>lii- 
atlon  centera  under  thtae  condltiona?  To  do  thla  we 
will  uae  a rathar  obvloua  guaaa  and  check  it  againat 
our  datn.  Aa  we  have  pointed  out,  both  copper  and 
aarcury  have  ground  atate  anarglea  daep  enough  to 
perait  recoablnation  to  occur  via  optical  aa  well  oa 
accouatlc  phonon  eaiaaion.  On  thla  baala  wa  will 
guaaa  that  the  recoablnation  croaa  aactlona  of  both 
aarcury  and  copper  are  Identical.  Thla  la  raaaonabla 
alnce  tha  excited  atate  energy  levels,  through  which 
accouatlc  phonon  aasiated  capture  takes  place,  are 
identical  for  bo*'h  lapuritles,  and  the  optical  phonon 
cross  sections  are  also  very  likely  identical.  Below 
20  K,  re''oabinatlon  la  effectively  occurlng  at  both 
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•laglf  loalMd  eo^ar  and  atarcurr.  Tharafora.  «a  taka  tha  total  loalaad  daaalty  of  coppar  and  nar^ 
cttty  aa  tha  danalty  of  raconblnatlon  cantata,  and  conputa  tha  croaa-aaetlona  fron  tha  naaaurad 
dacajr  baloa  20  K,  ualn|:  o ■ [*v>T(llg^4(l^}]~^.  Thaaa  ara  dlaplapad  for  both  aanplaa  In  Flgura  12 
and  eonpared  to  tha  croaa-aaction  of  ganMnlun  dopad  onlp  aulth  coppar.  Aa  can  ba  aaan,  thara  ia 
good  agraaaant  for  both  acaplaa  balow  20  K.  Slnca  tha  raaulta  11a  vary  cloaa  to  tha  croaa-aaetton 
of  coppar  alona,  wa  concluda  that  tha  croaa-aaction  of  narcury  nuat  ba  vary  naarly  Idantlcal  to 
that  of  coppar. 


2.  M-TTPB  SILICON 


Raaulta  of  our  aaaauraaMott  of  tha  croaa-aaction  of  n-typa  alllcon  ara  prallalnary  at 

thla  tint,  alnca  only  ona  phoaphoroua-dopad  aaapla  haa  baan  naaaurad.  Howavar,  It  la  unllkaly  that 

wa  ara  aora  than  a factor  of  two  fron  a correct  aatlnata  on  tha  baala  of  thla  ona  naaauranant  and 

tha  currant  Intaraat  In  astrlnalc  alllcon  datactora  proaptad  thla  aarly  report.  Hall  naaauraaMnta 

wara  flrat  nade  to  datamlna  tha  carrier  concentration  and  nobility  uatwaan  18  and  ISO  K,  ualng 

nagnatlc -flalda  batwaan  10  and  20  kllogauaa.  The  lowaat  product  of  nobility  tinea  field  atrength 
7 2 

waa  1x10  cn  gauaa/Tolt  aac. , which  la  cloaa  to  tha  hl^  field  Unit.  Thla  la  uncertain  juatlflca- 
tlon  for  aattlng  tha  Hall  factor  equal  to  unity,  anc  thla  la  tha  principal  aourca  of  poaalbla  error 
In  tha  following  raaulta.  (Tha  Hall  factor  for  low  flalda  nay  vary  aa  nuch  aa  302  fron  unity,  but 
thla  error  ahould  ba  nuch  anallar  at  tha  flalda  we  have  uaed.)  A conputar  progran  waa  uaad  to 
analyaa  tha  tanparatura  depandanea  of  the  carrier  concentration,  giving  tha  beat  laaat  aquarea  fit 
to  tha  aapraaaloo! 

n(n+H^)  axp(-Ej/kT) 

-H^n-  ■ 2>g,-D^W+a,-<<«+B)VkV^d/W(;*.WkT,3^+B/kT^„,4C/kTj 


where  a la  tha  carrier  concentration,  N.,  N and  N ara  tha  danaltlaa  of  donora,  accaptora  and 

**  • ® 15  3/2  -3 

atataa  In  the  conduction  band,  ard  E.  la  tha  lowaat  ground  atata  energy.  N la  5.29x10  T cn  , 

(1  c 

including  alactron  apln  and  valley  degeneracy.  Tha  lowaat  ground  atata  la  two- fold  dagenerata,  and 
la  apllt  off  fron  tha  alx-fold  dagenerata  atata  and  tha  four-fold  dagenerata  atata  by  D and  d+D 


alactron  voice  roapactlvaly 


(6) 


Alao  Includod  In  the  above  axpreaalon  ara  three  grouplnga  of 

(7) 


axcltad  atataa,  lying  A,  B and  C electron  volte  balow  tha  conduction  band  adga.  Ha  have  uaed  an 

avaraga  energy  for  each  group  and  aultlpllad  thla  by  the  total  degeneracy  of  the  group.  Table  I. 

llata  thaaa  valuaa.  With  thla  expraaalon  we  have  fit  tha  neaaurad  valuaa  of  n to  datamlna  N^, 

and  E..  IVo  flta  vara  nade,  one  which  Includad  a aingla  data  point  taken  at  300  K,  and  another 
d 

ualng  only  the  low  tanparatura  data.  Table  II. 
ahowa  tha  raaulta  of  thaaa  flta.  To  conputa 

the  croaa-aaction  w«  uaad  an  avaraga  "alua  of 

,12, 


TABLE  I.  ENERGY  SPACINCS  FOR  PHOSPHOROUS- 
DOPES  SILICON.  (Ref.  6 and  7) 


aynbol 

D 

d+D 

A 

B 

C 


anartv(a»V) 

11.85 

13.20 

10.2 

5.8 

2.9 


5x10  /cc  for  the  acceptor  concentration,  which 
la  aqual  to  the  concentration  of  racoablnatlon 
cantera  for  low  tenperaturaa  and  weak  lllunlnatlon. 

Photo-Hall  neaaurenenta  were  nade  to 
datamlna  the  teaperature  dapenance  of  the  carrier 
llfetlna.  and  thaaa  ware  nomallxad  to  direct 

aaaaureaanta  of  the  photoconductivc  algnal  decay,  acaaured  at  10.6  and  19.6  K.  Figure  13.  ahowa 
tha  raaulta  of  theae  neiiureaenta.  Aa  can  ba  seen,  the  lifeline  seema  to  follow  a almple  power  law 
up  to  about  20  K where  themal  generation  baglno  to  doalnate.  When  converted  into  a croea-aectlon. 
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Nj(cr/^ 


1.1x10 

9.9x10 


16 

15 


TABLE  II.  PASAMETERS  DETERMINED  FR(»t  COMPUTER  FITTING  THE 
CARRIER  CONCENTRATION  AS  A FUNCTION  OF  TEMPERATURE  IN  A 
PHOSPHOROUS-DOPED  SILICON  SAMPLE. 

N^(co"^)  Ej(*V) 

conncnt 

4.4x10^^  .0462  All  data  takan  below  150  K, 

12 

6.1x10  .0453  Same,  plus  single  data  point  at  300  K. 


* a 10  *040 
TEMPESATOaEKl 


Figure  13.  PHOTO-HALL  AND  PHOTOCONDUCT I VE 
DECAY  MEASUREMENTS  ON  S1:P.  Photo-Hall  data, 
trianular  points,  have  bean  normalized  to 
photoconductlve  decay  measurements,  circles. 


Flg-ire  14.  RECOMBINATION  CROSS-SECTION  FOR 
ELECTRONS  IN  PHOSPHOROUS-DOPED  SILICON.  Data 
represented  by  solid  upper  line,  theory  of 
Brown  and  Rodriguez  (ref.  11)  shown  below. 


-12  T -177 

as  shown  in  Figure  14.,  we  find  the  cross-section  to  be  given  I 4x10  -)  cm  . A value 

of  0.3  m^  was  used  for  the  effective  mass  in  calculating  the  average  thermal  electron  velocity. 
Theae  results  can  be  compared  with  copper  and  mercury-doped  germanium,  which  have  cross-sections  of 
about  2.5xl0”^^cm^  at  20  K. 

Several  remarks  are  in  order  on  this  cxperime.it.  Our  measured  response  times  were 
taken  in  the  limit  of  low  electric  fields,  so  that  carrier  heating  did  not  result  from  the  applied 
field,  and  comparison  with  theory  could  be  made.  Ar  10  K,  the  response  time  began  to  Increase  with 
bias  above  about  5 volts  par  centimeter.  At  lower  temperatures  we  could  not  reach  the  low  field 

j /')  I 

lisilt,  but  the  time  constant  showed  an  electric  field  dependence  between  E and  E . It  mlg  be 

expected  to  increase  more  rapidly  with  field  strength  at  higher  fields,  as  found  by  Koenig,  Brown 
(6) 

and  Schllllnger'  for  n-type  shallow-impurity  germanium. 

Other  mzasurements  of  the  cross-section  for  n-type  silicon  nave  been  made  by  Levitt 

and  Konig^®\  Loewsnsteln  and  Honig^^^',  and  Leadon  and  Naber^^^\  The  results  of  Levitt  and 

-12  T -1/2 

Honlg  on  phosphorous-doped  silicon  gave  a cross-section  of  2x10  - ) . This  implies  a 

Z\)  K 

carrier  lifetime  which  is  independent  of  temperature,  and  is  in  disagreement  wltli  the  theoretical 

(12) 

temperature  dependence  given  by  Brown  and  Rodriguez  for  silicon.  It  is  our  belief  that  the 
measurements  of  Levitt  and  Honig  '.ere  made  on  non-theimal  carriets,  and  therefore  the  true  temper- 
ature dependence  of  thermal  carrieis  was  not  determined.  Carrier  thermalization  should  occur  in 
silicon  Ip  about  5x10  seconds  at  4 K,  assuming  energy  loss  via  accoustic  phonon  emission.  If 
our  cross-sections  are  correct,  and  if  the  acceptor  concentrations  measured  by  Levitt  and  Honlg  are 
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ua«d,  then  all  of  their  samples  have  carrier  lifetimes  at  4 K which  are  shorter  than  the  tlae 

required  for  carriers  to  themallze.  In  p-type  gensaalum  it  has  been  shown  that  this  situation 

(4) 

leads  to  carrier  lifetimes  which  are  independent  of  temperature.  Various  othet  attempts  heve 
been  made  to  explain  the  unexpected  temperature  dependence  found  by  Levitt  and  Honlg«  includlr^; 
variations  In  the  Hall  factor, Impurity-hopping  conductivity , and  capture  by  neutral  impur- 
itlas.  We  feel  that  the  basic  recombination  theory  Is  correct  in  concept,  since  it  has  al- 

raady  baen  shown  to  give  reasonable  agreement  with  the  temperature  dependence  of  shallow,  n-type 
(8  12) 

Impurities  In  germanium.'  ’ We  have  shown  this  theory,  taken  from  Brown  and  Rodriguez,  In 

Figure  14.  for  comparison  with  our  results.  There  Is  considerable  disagreement  between  theory  and 
experiment  in  the  order  of  magnitude, but  at  the  highest  temperatures  for  which  the  calculation 
was  carried  out  (10  K)  we  find  good  agreement  between  our  results  and  the  predicted  temperature 
dependence  of  for  the  cross-section.  The  exclusion  of  excited  states  above  the  seventh  order 

Is  the  most  likely  cause  of  the  weaker  temperature  dependence  of  the  theoretical  curve  below  10  K. 

3.  CONCLUSIONS 

The  recombination  cross-section  of  mercury-doped  germanium  is  Identical  to  that  of 

“12  T “H  2 

coppar-dopad  germanium,  and  Is  given  by  the  expression:  2.5x10  cm  , where  n will  vary 

with  coiqiensation,  as  In  the  case  of  copper-doped  gensanlum,  between  about  1.0  and  1.6.  As  far  as 
further  work  Is  concerned,  It  appears  there  should  be  an  intense  crystal  grov;lng  effort  to  first 

eliminate  the  copper  contamination,  and  sacond,  to  make  reproducable  the  Introduction  of  compensa- 
12 

tlon  lavels  balow  10  /cc.  This  has  been  showr.  > be  feasible  by  the  work  already  accomplished 
In  producing  ultra-pure  germanium  crystals  for  gamma  ray  detection  which  has  been  In  progress  for 

several  years. 

Recombination  cross-sections  for  n-type  shallow  donors  In  silicon  show  larger  values 
than  had  baen  reported  In  earlier  experiments  or  theory.  As  with  germanium,  responslvlty  can  be 
greatly  enhanced  by  reducing  the  level  of  compensation  In  these  materials. 

References 

1.  Theoretical  Studies  of  the  Long  Time-Constant  Effect  In  Mercury-Doped  Germanium, 
by  Cecil  C.  Rousseau,  Texas  Instuments,  Inc.,  August  29,  1963. 

2.  J.  Stannard,  Doctoral  Dissertation,  Syracuse  University  (1968). 

3.  T.  Kaneda,  H.  Sel,  T.  Yamaoka  and  Y.  Ueda,  Japan.  J.  Appl.  Phys.  1475  (1971). 

4.  P,  Norton,  Doctoral  Dissertation,  Syracuse  University  (1970);  and  P.  Norton  and 
H.  Levinstein,  Phys.  Rev.,  to  be  published,  June  1972. 

5.  S,  M.  Ryvkin,  Photoelectric  Effects  In  Semiconductors,  Consultants  Bureau,  New 
York,  (1964). 

6.  R,  L.  Aggarwal  and  A.  K.  Ramdas,  Phys.  Rev.  137,  A602  (1965). 

7.  W.  Kohn,  Solid  State  Physics.  Vol.  4.  p.257  (ed.  by  F.  Seitz  and  D.  Turnbull), 
Academic  Press,  New  York  (1957). 

8.  S,  H.  Koenig,  R.  D.  Brown  and  W.  Schllllnger,  Phys.  Rev.  128,  1668  (1962). 

9.  R.  S.  Levitt  and  A.  Honig,  J.  Phys.  Chcm.  Solids,  269  (1961). 

10.  M.  Locwenstein  and  A.  Honig,  Phys.  Rev.  144,  781  (1966). 

11.  R.  Leadon  and  J.  A.  Naber,  J.  Appl.  Phys.  2633  (1969). 

12.  R.  A.  Brown  and  S.  Rodriguez,  Phys.  Rev.  153.  890  (1967). 

13.  J.  R.  Barker  and  C.  J.  Hearn,  Phys.  Letters  26A,  551  (1968). 

14.  R.  A.  Brown,  Phys.  Rev.  148,  974  (1966). 

99 


UNCLASSIFIED 


'.mr' 


UNCLASSIFIED 
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16.  It  ahould  b*  notad  that  the  aiq^arlaantal  raaulta  of  Koanig  at.  al.  (raf.  8)  on 
ahallow  donor*  In  garaanlua  lie  a factor  of  5 above  the  theory  of  raf.  31.  Thl* 
theory  predict*  a larger  crosa-aactlon  for  alllcon  donor*,  than  for  donor*  In 

In  garaanlua,  which  la  what  we  have  found.  It  la  fait  that  thla  theory,  which 
wa*  dallbarataly  alnlalaad,  la  likely  to  b*  In  poorer  agreeaent  for  silicon  than 
for  garaanlua  bacauaa  the  binding  enarglaa  of  donor*  In  silicon  ars  about  four 
tlaa*  larger  than  donor*  In  garaanlua.  At  any  given  taaperature  therefore,  one 
ahould  have  to  account  for  higher  excited  atatas  In  the  case  of  alllcon.  Since 
only  seven  excited  states  were  considered  for  both  silicon  and  garaanlua,  thl* 
would  underestlaat*  the  crosa-sectlon*  aorc  In  the  case  of  silicon,  than  in 
geraac  ua. 


QUESTION  AND  ANSWER  SESSION 

Q.  Have  you  seen  any  evidence  for  field  effects  on  the  recombination  coefficient? 

A.  Yes,  when  you  do  increase  the  field,  the  carrier  lifetime  gets  longer  in  general; 
with  copper,  it  tended  to  go  as  the  1/2  power  of  the  electric  field  above  a certain 
point.  In  silicon,  it  '".ay  have  been  a little  steeper  than  that. 


UNCLASSIFIED 


UNCLASSIFIED 


Thb  paper  it  UNaASSIRED 


PUT  AMD  SBN  PYRCEUCTRIC  DETSaORS  (U) 
(tnclMslfied) 


S.  T.  Liu  and  0.  N.  Tufte 
Honeywall  Corporata  Raaaarch  Center 
SOO  Waahlngton  Avenue  South 
Hopklna,  Mlnneaota  5S343 


/ 


ABSTRACT 

The  aaterlal  paranetere  of  Importance  In  pyroelectric  detectora  have  been  evaluated  In 
^l-x^*x^^’^0.65^^.3S)l-0  2Sa^3  ferroelectric  ceramics  for  x • 0.02  to  0.08  and  In  single 

eryatal  Sr]^_^a^Nb20^  (SSAj  for  x > 0.5.  The  noise  sources  lu  PUT  and  SBN  detectors  have  been 
evaluated  and  good  agreemant  between  the  material  parameters , noise  measurements  and  detector 
performance  for  these  two  systeme  has  been  obtained,  SlgnlficEmt  reduction  In  the  dielectric  loss 
In  X “ 0.5  SBN  has  anablad  us  to  achieve  a D of  8.5  x 10®cm(Hx)i/2/W  at  lOHx.  A unique  relation- 
ship betwean  tha  pyroelactrlc  coefficient,  specific  heat,  density,  and  dielectric  constant  has  been 
observed  In  the  materials  Investigated  and  It  Is  shown  that  this  some  relation  l»  followed  by  a 
wide  variety  of  ferroelectrlcs . 


INTRODUaiON 

Recently,  there  has  bean  an  Increasing  Interest  In  pyroelectric  Infrared  detectors  due  to 
their  unique  characteristics  of  large  responslvlty , fast  response,  broad  spectral  sensitivity 
and  room  temperature  operation.  New  materials,  and  Improvements  In  existing  materials  are  continu- 
ally being  Investigated  in  an  effort  to  Improve  the  detector  performance. 

This  paper  reports  meaauraments  of  the  material  parameters  of  importance  for  pyroelectric 
detectors  for  the  Pbj^_^La^(Zrjj  jjXIq  35)1.0  25x^3  ^^^^®*’’^oelectrlc  ceramic  materials  having 

X <•  .02  to  .08  and  Sr^_^Ba^Nb20j  (SBN) (2)gingle  crystals  having  x • 0.5.  Pyroelectric  drtector 
samples  have  also  been  fabricated  from  these  materials  and  the  detector  performance  analyzed.  The 
detector  noise  Is  shown  to  be  thermtl  noise  due  to  dielectric  loss  In  the  materials  and  this  sets 
the  practical  performance  limits  for  these  materials. 


PRINCIPLES  OF  OPERATION 

A pyroelectric  detector  la  In  essence  an  ac  bolometer  which  differs  from  conventional  bolo- 
meters In  that  It  responds  to  the  rate  of  change  of  temperature.  The  principle  of  operation  of 

^and  It  suffices  co  summarize  as  follows: 


this  device  has  been  discussed  extenslvel^^ 


(1)  Signal 

The  steady  state  current  generated  In  a pyroelectric  detector  when  Irradiated  with  an  ln<  dent 

(4) 

power,  P(t)  “ P + P exp  (jot),  la  given  by 


1 - 


npAPj 

H 


rj^(nPj^) 


(1) 
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where 

P - 
H - 
c • 
P - 
d “ 
A ” 
G - 
n - 

T • 
U " 

and  Is 


Across  the 


It  Is  easy 


pyroelectric  coefficient 
heat  capscltv  “ cpdA 
specific  heat 
density 

thickness  of  the  element 
area  of  tne  eleisent 
thermal  conductance 

emissivlty  of  the  top  surface  electrode 
H/G 

angular  frequency 

the  current  responsivity  defined  as 


L..  Il£  i 


tax 

Z 2.112  • 


RC  detector  circuit,  the  voltage  developed  is 


V ■ 1 — • 

(i+«Vc  r'^ 


2 2 2 2 

to  show  that  if  (ut)  » 1.  and  u R C »1,  eq.{3)  reduces  to 


V 

rms 


» 5 


np 

2J!a 


1 

u 


(2) 


(3) 


(3a) 


where 

5 - — ^ 

cpetc 

e • the  dielectric  constant. 


W 


The  voltage  responsivity  is  defined  as 


(5) 


(2)  Noise 

Several  noise  sources  are  possible  in  pyroelectric  detectors;  namely,  radiation  noise,  tempera- 
ture fluctuation  noise,  thermal  noise  of  the  detector,  and  noises  of  the  amplifier.  The  co.atrlbu- 
tions  of  these  noise  sources  have  been  discussed  in  detail  by  Putley^^^and  by  van  der  Ziel  and 
Since  radiation  noise  is  negligible,  the  total  noise  current  at  a spot  frequency  is 


where 

k ■ Boltzmann  constant 
T - absolute  temperature 
gj  ■ detector  conductance 
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• load  conductance 
q “ electronic  charge 

Igj,  Igj  • FET  gate  currents 

• equivalent  noise  reslctance  of  the  FET 
- the  total  circuit  admittance 


It  can  be  described  In  terns  of  an  equivalent  noije  conductance,  that  Is 


*n  ■ ^ ^d+  «c-^  2^  <'«1^ 


The  noise  voltage  Is  then 


- (4kTg^)' 


2„2„2,l/2 


(l-fv)‘R‘c‘) 


(3)  Holse  equivalent  power  (HEP)  and  detectivity  (D  ) 

The  slgnal-to-nolse  ratio  of  a pyroelectric  detector  for  a systen  bandwidth  Af  Is  given  by 

S.  Jras  . (J 

Pi 

The  equivalent  noise  power  (NEP)  Is  defined  as  the  value  of  P^  • for  which  S/N  • 1 
at  a bandwidth  of  IKz.  This  yields 

(72)1/2 

The  detectivity  (D*)  for  thermal  noise  Halted  detectors  Is  given  as 


* 1/2 
D - A ' /NEP  - 


(ARTUce  tan6) 
o 


EXFERIHENTAL  PROCEDURE 


The  hot-pressed  rhoabohedral  (PLZT)X/65/3S  ceraalcs  used  In  this  study  were  prepared  by 
Honeywell  Ceranlcs  Center,  and  the  SBN  crystals  were  grown  and  annealed  by  Dr.  R.  Haciolek  of  this 
laboratory.  Sanples  approxlaately  80un  thick  were  prepared  for  this  study  by  conventional  lapping 
and  polishing  methods.  Surface  strain  caused  by  polishing  was  relieved  by  annealing  In  air  at  650*C 
for  20  minutes  for  PLZT.  Alumlnun/gold  contacts  were  vacuum  deposited  onto  both  sample  surfaces  and 
the  top  electrode  wes  blackeied  with  thin  black  paint  to  make  n ' 1.  The  samples  were  poled  by 
applying  a dc  electric  field  of  20  KV/cm  in  PUT  and  15  KV/cm  In  SBN  samples  for  several  hours.  The 
dielectric  constant  and  the  dielectric  loss  were  measured  with  a GR1620  capacitive  bridge  from 
20  Hz  to  100  KHz. 
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ikbaolutc  MMurMMnts  of  th«  pyroolc  :tric  motorial  paraaotor  C • ^ wara  »ada  by  two  aathoda. 
The  firat  Btthod  utlllaad  alnuaoidally  ao4ulatad  radiation  froa  a callbratad  SOO*K  blackbody  aourca. 
Slauaoldal  aodulatlon  la  achlavad  with  a aachanlcal  choppar  having  an  apartura  dlaaatar  to  tooth 
width  ratio  of  0.87.^^^  Tha  algnal  froa  tha  aanpla  waa  aaaaurad  with  a low  nolaa,  high  lapadanca 
aapllflar.  The  peak  Irradlanca  ^n  thla  caaa  waa  P^/A  ■ 24.0  pwatta/ca  and  tha  Irradlanca  calibra- 
tion waa  chackad  with  a callbratad  S irn  paak  wavalangth  raaponaa  Hg^_^Cd^Ta  datactor.  Tha  pyro- 
alactrlc  aatarlal  paraaatar  C waa  than  calculated  directly  froa  Eq.  3a.  Tha  tharaal  tlaa  conatanta 
for  tha  datactora  uaad  In  thaaa  aaparlaanta  are  aufflclantly  long  that  Eq.  3a  can  be  uaad  directly 

at  tha  ataattraBant  frequency  of  100  Ha  uaad  in  thaaa  exparlatnta.  The  aecond  aathod  utlllaad  a 

(8) 

pulaa  aodulatlon  technlqua.  In  thla  caaa.  the  choppar  and  tha  aperture  ware  arranged  to  give  a 

trapeaoldal  pulaa  having  an  aqulvalant  rectangular  pulaa  width  (T.)  of  0.8  aa  and  a repetition  rate 

2 ^ 

of  30  pulaaa/aac.  A paak  Irradlanca  of  220  Mwatt/ca  waa  uaad  In  thaaa  exparlaanta.  The  paak 
raaponaa  voltage,  v^,  of  tha  detector  waa  aaaaurad  and  tha  aatarlal  paraactar  waa  calculated  froa 

^o  “ 

Tha  frequency  dapandance  of  tha  pyroelectric  datactor  signal  waa  aaaaurad  with  a variable 
apaad  choppar.  Tha  detector  nolaa  waa  naaaurad  with  a high  Inpadanca,  low  nolaa  aapllflar  and  a 
wave  analyaar. 

RESULTS  AND  DISCUSSION 

A coaparlson  of  tha  ou'.'ut  wavafoms  obtained  by  the  sinusoidal  modulation  aathod  (100  Hz) 

and  tha  pulse  aodulatlon  swthod  are  shown  In  Figure  1.  These  rarults  ware  obtained  with  a SEN 

(t  « O.S)  datactor  and  tha  sane  aapllflar  gain  la  used  In  each  case.  Tha  calculated  aatarlal 

2 

paraaeter  obtained  by  tha  sinusoidal  •sodulatlon  sathod  Is  920  ca  /coul  conparad  with  a value  of 
2 

900  ca  /coul  for  tha  pulse  aodulatlon  aathod.  Good  agreeaent  between  tha  two  methods  was  obtained 
on  all  detectors  aaasured. 

The  measured  pyroelectric  material  paraaatars  for  PLZT  detector  ssin>las  having  lanthanum 
concentrations  froa  x - 0.02  to  0.08  are  shown  In  Table  I.  Also  shown  are  tha  asasurad  dielectric 
constant  and  loss  tangent  values.  Tha  pyroelectric  coefficients  were  calculated  from  using  the 
aaasured  values  of  dielectric  constant,  density,  and  the  specific  heat.  The  specific  heat  of 
c > 0.33  Joul/ga  C was  asasurad  for  a saaple  of  x • 0.65  and  was  assuaed  to  be  the  saae  for  other 
coaposltlons.  The  pyroelectric  coefficients  for  the  higher  x value  PLZT  ceraalcs  are  the  largest 
that  have  been  reported  in  cerasdc  ferroelectrics. 

The  aaasured  values  of  the  pyroelectric  aaterlsl  paraaeters,  dielectric  constant  and  dielec- 
tric loss  tangent  for  a group  of  SBN  detector  saaples  having  a coapositlon  of  x » 0.5  are  given 
in  Table  II.  The  detectors  within  each  group  were  made  froa  different  portions  of  the  saae  SBN 
single  crystal  so  that  a asasure  of  the  unlforalty  in  the  pyroelectric  aaterlsl  properties  both 
within  a crystal  and  between  crystals  having  noalnally  the  saae  coapositlon  can  be  seen  froa  these 
results.  The  pyroelectric  coefficients  were  again  calculated  using  values  for  c 0.4  joul/ga*C 
and  p “ 5.33  ga/cn^. 

The  frequency  dependence  of  the  signal  voltage,  noise  voltage  and  detectivity  for  a PLZT 
(x  • 0.065  ) detector  is  shown  in  Fig.  2.  The  signal  is  proportional  to  1/f  for  frequencies  above 
10  Hz  indicating  a slow  thermal  time  constant  for  the  detector.  The  noise  is  thermal  noise  and 
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1«  directly  proportlonel  to  th«  dloloctrlc  lo««.  Th«  Mgnltude  of  the  calculated  noiae,  given  by 
(i^)  (4klliiCtan6)^^^,  agreea  very  well  with  the  aeaeured  detector  nolee.  The  frequency  Indepen- 


dence of  tani,  wbldi  In  terwe  of  aatarlal  paraaetere  la  equal  to 


, la  cauaed  by  the  fact 


that  the  conductivity,  a.  In  PUT  la  proportional  to  frequency.  Thia  la  a coanon  phenonena  in 

1/2 

ferroelectric  and  dlelactrlc  nateriala  and  reeulta  in  the  therwal  nolae  only  deereaalng  aa  1/f 

In  pyroelectric  detectora.  The  detectivity  under  thla  condition  la  given  in  Eq.(9a).  And  the 

1/2 

detectivity  alao  decreaaea  aa  1/f  aa  ahown  In  Fig.  2.  The  detectivity  given  In  Fig.  2 are 
typical  of  reaults  attainable  with  properly  poled  PL2T  ceraaica  having  a thickneaa  of  100  m. 

* 

Similar  reeulta  on  the  frequency  dependence  of  the  algnal,  nolae,  and  D for  a SBN  detector 
having  a conpoaltlon  a « O.S  are  given  In  Fig.  3.  Thermal  nolae  la  alao  dominant  In  SBN  detectora 
and  the  frequency  dependance  of  the  nolae  and  die  detectivity  are  almllar  to  the  PLZT  detectora. 
The  dielectric  loaa  In  the  SBN  material  haa  been  eubatantially  reduced  and  thia  makea  poaelble 
the  hl^  D*  valuea  ahown  Ic  Fig.  3.  The  D*  value  in  SBN  at  10  Ha  la  aa  good  aa  the  beat  TCS 
detector  that  haa  been  reported  and  la  within  a factor  of  three  (eatlmated)  of  the  recently 
reported  reault  of  ATOS,^^^^  Self-depollng  effecte  have  not  been  obaerved  in  either  SBN  (x  * O.S) 
or  FLZT  (x  “ 0.06S)  detectora. 

The  pyroelectric  material  parameter  ( la  an  laportant  quantity  in  the  evaluation  of  ferro- 
electric materlale  for  pyroelectric  detector  eppllcationa.  The  voltage  reaponalvlty/j(  , of  the 
detector  la  directly  proportional  to  ( and  the  value  of  C can  be  meaaured  directly  by  either  of 
the  previouely  dlacuaaed  mithoda.  He  have  found  empirically  that  ( la  cloaely  related  to  the 
dielectric  conatant  of  the  ferroelectric  material  and  that  thia  relatlonahip  la  approximately 
the  eama  for  all  claaaea  of  pyroelectric  meterlale  that  have  been  Inveatlgated.  Thia  relatlon- 
ahlp  la  ahown  In  Fig.  A where  the  log  of  ^ la  plotted  against  the  log  of  e for  the  FLZT  and  SBN 
ayatema  along  with  a nuaber  of  other  pyroelectric  detector  nateriala.  The  line  In  Fig.  A la  a 
close  fit  to  the  !ata  polnta  and  the  line  follows  the  relation 

C - 2.8  X 10*/e°'®  (10) 

The  FUT  samples  having  low  lanthanum  concentrationa  (x  < O.OA)  fall  slightly  below  this  line 
but  this  Is  attributed  to  the  difficulty  in  conpletcly  poling  the  samples.  The  cmperlcal  relation 
between  C and  e that  occurs  even  between  different  types  of  ferroelectric  materials  (such  as  TCS 
and  FLZT)  la  rather  surprising  and  suggests  that  a fundamental  relationship  may  exist  between 
these  parameters.  In  selecting  new  ferroelectric  materials  for  pyroelectric  detector  application, 
Eq.  (10)  can  be  used  to  predict  the  voltage  responslvlty  attainable  on  the  baaia  of  only  the 
dielectric  constant. 

CONCLUSION 

We  have  measured  the  pvroclcctric  material  parameter  C in  SBN  and  PLZT  materials  utilizing 
both  sinusoidally  nodulated  and  pulse  modulated  blackbodv  radiation  and  have  shown  that  the  two 
methods  give  the  same  resulti.  We  have  measured  the  material  parameters  of  importance  for  pyro- 
electric detectora  in  SBN  (x  = 0.5)  and  PLZT  (x  - 0.02  to  0.08)  and  hav?  shown  that  the  thermal 
noiae  is  dosdnant  in  PLZT  and  SBN  detectors.  The  dielectric  loss  tangent  has  been  substantially 
reduced  in  SBN  (x  « O.S)  material  to  the  point  that  detectivitv  values  of  D*(SOO,10,1)  • 8.5  x 10^ 
cm(Hz)  /watt  have  been  obtained.  The  performance  o'  PLZT  (x  • 0.065)  detectors  is  limited  by 


unclassified 


thanul  nolac  du«  to  th«  r«lativ«ly  high  dielectric  loss  In  the  present  SMterlal.  However, 

* 8 1/2 

detectivity  values  of  D (500,10,1)  of  3 x 10  csi(Hz)  /watt  have  been  attained  and  Inproved 
pcrfonance  Is  possible.  Since  these  aaterlals  are  ceranlcs,  good  uclfomlty  can  be  obtained 
over  large  areas  and  the  naterlala  can  easily  be  fabricated  Into  detectors. 

We  have  also  shown  that  the  pyroelectric  naterlal  paraneter  C Is  uniquely  related  to  the 
dielectric  constant  In  all  ferroelectric  naterlala  and  this  relationship  should  be  useful  for 
predicting  the  voltage  reaponslvlty  for  detectors  nade  fron  naw  pyroelectric  naterlals. 
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QUIiSTION  AND  ANSWER  SESSION 

Q.  What  was  the  temperature  of  operation  and  is  performance  temperature  dependent? 

A.  Operating  temperature  was  25°C  (i.e.  room  temperature)  and  I'm  led  to  believe 
that  performance  is  not  temperature  dependent. 
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TAELL  1 


MEASURED  PYROELEaRIC  MATERIAL  PARAMETERS: 


DETECTORS 

c 

can: 

2 

COUl 

, coul  . 

P ( -T.7  ) 
cm  t 

X - 0.02 

600 

0.02 

282 

3.9  X lC-8 

X “ O.OA 

680 

0.015 

330 

5.2  X 10'® 

X - 0.065 

UOO 

0.018 

340 

lu.O  X 10‘® 

X - 0.07 

1860 

0.01 

330 

13.0  X 10-** 

X - 0.075 

3200 

0.02 

210 

1.S.3  X 10-** 

X - 0.03 

3800 

0.02 

195 

r,  0 X iJ-8 

TABLE  11 

MEASURED  PYROELECTRIC  MATERIAL  PARAMETERS: 

®ri-x®Vb206 

DETECTORS 

e 

tani 

2 

1 (—  ) 

, coul  . 
p (—5 — ) 
cm  *C 

925-1 

448 

.015 

845 

7.5  X 10'® 

925-2 

456 

.024 

860 

7.76  X 10‘® 

-8 

925-3 

458 

.007 

860 

7.9  X 10 

1020-3 

449 

.005 

845 

7.5  X 10'® 

1020-4 

438 

.003 

890 

7.7  X lO"® 

1125-6* 

400 

.010 

875 

6.93  X 10‘® 

1125-6b 

390 

.0036 

850 

6.53  X 10'® 

1230-1 

396 

.0033 

940 

0 

X 

0 

t 

00 

208-3 

390 

.005 

960 

7.40  X 10'® 

308-2 

402 

.004 

940 

7.48  X 10'® 

390 

.003 

970 

7.48  X 10"® 
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Fig.  1,  lUipoMC  of  a SKI  dattctcr  to  (a)  ainuaoldally 
■odulatad  blackbody  radiation  (flltarad  and 
aapllflad  lOOx  furthar) ; (b)  pulae-aodulatad 
blackbody  radiation  (wlda  band) . 

Scales  Horlsontal:  4 as/Mjor  division 

(a)  Vertical:  200  aV/major  division 

(b)  Vertical:  10  «V/najor  division 
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POLYMEHIC  PYROELECTRIC  DETECTOR'^ 
(Unclassified) 


J.  Cohen,  C.  F.  Vezzetti,  and  S.  Edelman 
National  Bureau  of  Standards 
Washington.  0.  C.  20234 


ABSTRACT 

(Unclassified) 

Polymers  have  a number  of  advantages  over  conventional  pyro- 
electric materials  such  as  triglycine  sulphate  crystals:  for  example, 
they  are  not  hygroscopic,  retain  their  polarization  for  long  times, 
end  are  simple  and  Inexpensive  to  fabricate  Into  detectors.  We  have 
been  experimenting  mainly  with  films  of  polyvinyl Idene  fluoride,  and 
to  a lesser  extent,  polyvinyl fluoride.  These  experiments  will  be 
described. 


Polyvinyl Idene  fluoride,  or  PVFa,  Is  a crystalline  polymer,  highly  susceptible  to  ordering  and 
concomitant  enhanc^nt  of  crystallinity  by  drawing,  as  reported  by  Brown  and  Crawfordp)  further, 
electrical  measurements  have  shown  the  material  to  contain  permanent  dlpoles^'h  To  obtain  pyro- 
electricity, films  of  this  material  are  first  stretched  200  - 300*,  then  poled  by  applying  a field 
of  400  - 500  kV/cm  across  the  thickness,  at  about  100°C  for  a few  hours,  and  cooled  with  the  field 
applied.  The  procedure  with  polyvinyl  fluoride,  or  PVF,  also  a crystalline  polymer,  Is  similar, 
except  we  did  not  stretch  the  material  'irst. 

The  first  figure  shows,  on  top,  a schematic  diagram  of  the  demountable  detector,  which  Is 
convenient  for  rapid  Interchange  of  different  detector  elements.  The  polymer  film,  coated  with 
semitransparent  metal  films  on  both  faces.  Is  attached  to  a copper  heat  sink  with  a little  silver 
paste,  and  the  aperture  in  the  sink  defines  the  active  area.  The  heat  sink  Is  connected  to  the  shell 
of  the  minibox,  which  Is  grounded,  thus  grounding  the  front  face  of  the  polymer  film.  The  back 
surface  of  the  polymer  is  connected  to  the  source  foil  twer  with  a dab  of  silver  paste.  The  detector 
element  may  be  regarded  as  an  "Infinite"  Impedance  and  some  sort  of  impedance  matching  Is  required 
to  drive  external  circuitry.  A circuit  diagram  of  the  simple  source  follower  used  Is  shown  at  the 
lower  portion  of  the  figure.  A more  suitable  circuit  could  be  designed. 

Figure  2 shows  the  detectivity,  0*,  and  the  responsivlty  of  a PVFa  detector  as  a function  of 
chopping  frequency.  A 500  K blackbody  source  was  used.  Note  that  at  2.5  Hz,  D*  Is  1 x 10*  cm  Hz’* 
W*'  and  the  responsivlty  Is  3200  VW.  The  variation  of  responsivlty  and  0*  with  frequency  depends 
on  the  circuitry  used.  Improved  circuitry  would  lessen  the  dropoff  with  frequency.  The  D*  Is 
approaching  that  of  the  usual  TGS  pyroelectric  detector,  and  Is  about  an  order  of  magnitude  below 
the  best. 


^ Partly  supported  by  the  Night  Vision  Laboratory,  Office  of  Naval  Research  and  Advanced  Research 
Projects  Agency. 
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Figure  3 shows  selected  examples  of  D*  as  a function  of  chopping  frequency  for  three  kinds  of 
poled  polymer  film:  unstretched  PVFi.  unlaxially  stretched  PVFj.  and  unstretched  PVF.  These  curves 
are  not  necessarily  typical,  as  we  do  not  yet  have  a sufficient  sampling.  Nevertheless,  stretching 
PVF2  does  appear  to  cause  a large  Increase  In  the  detectivity,  and  this  is  due  to  Increased  re- 
sponsivlty. 

A few  remarks  concerning  the  mechanism  of  pyroelectricity  In  polymers  are  In  order.  First, 
this  Is  a very  new  field;  polymers  are  complex  materials,  and  all  sorts  of  complicated  processes 
may  occur  as  a result  of  the  Intense  electrical  fields  applied  during  poling;  for  example.  Ioniza- 
tion, electrolysis,  and  emission.  Consequently  the  phenomenon  Is  not  well  understood.  I would 
like  to  suggest  a model,  however,  based  on  our  own  experience  to  date  and  related  published  litera- 
ture. It  has  been  reported  by  Lando,  Clf  and  Peterlln^^Hhat  stretching  PVF:  causes  a transforma- 
tion from  the  a-to  the  6-phase,  In  which  C-F  dipoles  which  were  parallel  to  the  plane  of  the  film 
become  oriented  normal  to  the  plane  of  the  film.  The  electric  field  applied  normal  to  the  film 
plane  then  enhances  this  normal  orientation.  We  believe  that  the  pyroelectricity  is  a consequence 
of  the  change  In  the  dipole  moment  of  the  dipoles  that  are  oriented  normal  to  the  plane  of  the  film, 
due  to  change  In  temperature.  PVF  has  been  reported(2)  to  have  very  strong  structural  similarities 
to  6-PVF2,  and  we  presume  that  the  mechanism  of  pyroelectricity  Is  also  similar.  A related  article 
on  pyroelectric  properties  of  PVFj  was  published  by  Glass,  McFee  and  Bergman^^^. 

We  are  currently  working  on  the  problem  of  the  mechanism  of  pyroelectricity  In  polymers,  and 
hope  through  combined  studies  of  pyroelectricity,  piezoelectricity,  and  elasticity,  to  be  able,  In 
the  future,  to  present  a more  definitive  model. 


REFERENCES 

1.  H.  A.  Brown  and  G.  H.  Crawford,  Science  and  Technology  of  Polymer  Films.  0.  J.  Sweeting,  ed., 
Wiley  - Interscience,  New  York  (1971). 

2.  J.  B.  Lando,  H.  G.  Olf,  and  A.  Peterlln,  J.  Poly.  Scl.,  A-1  , 4,  94  (1966). 

3.  A.  M.  Glass,  J.  H.  McFee,  and  J.  G.  Bergman.  Jr.,  J.  Appl.  Phys.  «,  5219  (1971). 


QUESTION  AND  ANSWER  SESSION 

Q.  How  stable  are  these  detectors? 

A.  Over  a year,  that  we  know  of,  at  room  temperature. 
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SCHEMATIC  DIAGRAM  OF  DETECTOR 


FIGURE  1.  Top: 
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Bottom: 


SCHEMATIC  DIAGRAM  OF  DETECTOR 
CIRCUIT  DIAGRAM  OF  SOURCE  FOLLOWER 
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FIGURE  2 
AS 


DETECTIVITY  AND  RESPONSIVITY  OF  PVF 
A FUNCTION  OF  CHOPPING  FREQUENCY 
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FIGURE  3.  SELECTED  EXAMPLES  OF  P* 

AS  A FUNCTION  OF  CHOPPING  FREQUENCY 
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DffROVED  IB5C  H31FCRMAKE  OF  CdFgtEr^"^  WC 
OPERATION  OF  AHD  LOCAL  SITE  SXMffiTRy  (u) 
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Besearcb  Institute  for  Advanced  Studies 
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Martin  Marietta  Corporation 
li^^  South  Rolllt^  Road 
Baltimore,  Maryland  21227 


ABSTRACT 


Selective  generation^ of  trigonal  (C,  ) symmetry  at  Er^  Ions  In  CdF^  by  oxygen-firing 
Increases  the  green  r*diatl?e  efficiency  from  1.9^  to  ^2%  while  causli^  qualitative 

changes  In  the  optical  aosorptlon  and  emission  associated  with  these  ions.  Dramatic  chaises  were 
observed  also  for  OdPgjEr^'*’  crystals,  compensated  by  monovalent  cations.  Meeisurements  of  the 
parameters  involved  In  the  operation  of  an  IRQC  suggest  that  the  oxygen-fired  material  could  be 
used  to  construct  an  uncooled  infrared  detector  having  a minimum  detectable  power  of  3«6xlO"l^W 
at  1.53  yn,  appreciably  better  tnan  currently  available  uncooled  detectors  sensitive  at  this 
vavelez^h. 


Although  the  attiactlveness  of  a room  temperature  Infrared  detector  based  on  the 
Bloembergen^^^  InfraRed  Quantum  Counter  (KQC)  has  been  emphasized  In  several  studies, 
practical  devices  have  not  yet  been  realized.  One  of  the  principal  limitations  on  progress  in 
this  area  has  arisen  from  difficulties  in  obtaining  efficient  ma'‘'’r'als  that  also  satisfy  specific 
spectral  requirements.  The  results  described  in  this  paper  suggest  that  these  problems  may  be 
overcome  to  an  important  degree  through  adequate  control  over  the  processes  employed  in  preparing 
the  materials. 


(K) 

An  IRQC  scheme  proposed  for  detecting  1.536  (xm  radiation  from  an  Er:  phosphate  glass 


laser^^^  is  shown  schematically  in  Pig.  1.  IRQC  action  involves  successive  excitation  of  the 

first  from  the  gi'ound  state  to  the  **1,,/.,  state  by  the  signal  radiation,  and 

U ^5/2  K ^ 

fror  there  to  the  state  by  an  ol*0  nm  GciAlAs  laser  puap.  The  ^UO  rmi  ( ^3/2*^  ^15/2  ^ 

(**Fj/2-***Ii5/g)  emission  that  results  during  relaxation  beck  to  the  ground  state  is  detected  by  a 

photomultiplier  tube.  To  optimize  overall  detector  sensitivity,  the  absorption  cross  sections  at 

U 

the  signal  emd  nump  wavelengths,  the  lifetime  of  the  I,,/,,  state,  and  the  radiative  efficiencies 
!*  ‘ U 

of  the  S,/„  or  the  Fq/-  states  must  be  maximized.  Because  these  peuaneters  depena  on  the  local 

O!  ^ x/t  /Qi 

crystalline  field  at  the  Er  , previous  workers  ' have  attempted  to  increase  sensitivity  by 

finding  the  most  desirable  host.  Even  in  a particular  host,  however,  the  specific  character  of 

{q\ 

the  charge  compensation  can  alter  significantly  the  local  crystalline  field'  ' end  thereby 
influence  the  sensitivity.^**^  A coordinated  study  of  the  electron  paramagnetic  resonance  (EFR) 
and  optical  characteristics  of  in  CdFg  lias  been  pei'fonned,  therefore,  to  determine:  i)  the 
local  site  symmetries  at  the  Er^’*'  ion  resulting  from  various  modes  of  charge  compensation,  and 
11)  the  IRQC  parameters  associated  with  Er^^  in  these  sites.  The  results  obtained  lor  Er^'*'  in  a 
trigonal  site  generated  by  oxygen  compensation  and  an  orthorhombic  site  generated  by  monovalent 
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FIOORK  1 


Energy,  cm~' 


^”lI/2 

^S3/2 

^^9/2 

^^9/2 


-T9300 

-18600 


-—15450 

12650 


— 10360 


— 6640 


-0 


ENERGY  I£VEL  DIAGRAM  FOB  IM  OdF^.  Optical  transitions  relevant 
to  UW  action  are  indicated  by  arrows.  The  thickness  of  the  energy 
level  is  proportional  to  the  width  of  the  multiplet. 
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cation  doping  are  susmarlsed  In  this  paper. 

The  prlnary  IRQC  materials  Investigated  In  these  sttidles  have  been  CdP^  single  crystals 
contalnl!^  0.1  mole  ErF^,  vhlch  have  been  grom  by  the  Brldsaan-Stockbarger  technique  In  an 
evacuated  vessel.  Three  modes  of  sample  preparation  have  been  enq)loyed:  (l)  crystals  In  vhlch  no 
Intentional  charge  cosqmnsatlon  was  provided,  CdF^:  ,U};  (ll)  crystals  vhlch  have  been  fired 

subsequent  to  growth  in  dry  oxygen  at  800®C  for  periods  up  to  20  hrs,  CdF2:(Er^*,C^“);  and  (ill) 
crystals  In  which  monovalent  cations  (l.e.,  Id.'*',  Na'*',  K*,  and  have  been  introduced  as  the 
metal  fluoride  prior  to  growth,  OdF»:(Er^^,M^).  The  EFR  and  optical  results  obtained  for  (Er^^,N^) 
crystals  have  been  found  to  be  similar,  and  only  those  data  tabulated  for  OdFgtCEir  ,Ka  ) will  be 
reported  In  this  paper. 

Table  I shows  the  relative  distribution  of  sites  as  determined  by  EFR  for  these  three 
types  of  CdFg  specimens.  For  OdFg:(Er^^,U)  ~75)t  of  the  Er^^  Ions  reside  in  cubic  (c^)  syMstry; 


TABIi  I.  THE  REUTIVE  DiaERIBUTIOB  OF  Or'  L 
DIFFEREITLY  FREFARED  CdF^  CRI9CAI£ 


LOCAL  SITES  FOR  SEVERAL 


SAMITE 

CUBIC 

Er^'*'  LOCAL  SITES  (it) 
CRTHORHOMBIC  TRIGCIAL 

OTHER  XOKUBIC 

(Sr^^U) 

75 

25 

50 

> U9 

. 

< 1 

7 

- 

80 

13 

the  remalnlt^  of  the  ions  are  located  In  several  different  noncublc  sites  for  which  the 
symmetry  has  not  bee  determined.  As  sumarlted  In  Table  I,  the  EJR  spectrum  of  CdFg:(£r^'*^,aa^) 

has  been  shown  to  wise  almost  equally  from  Er^^  In  sites  having  cubic  (o. ) or  orthorhoeiblc  (c.  ) 
(9) 

sywetry.  The  latter  symmetry  Is  consistent  with  that  expected  If  a monovalent  cation  Is 

2+ 

substituted  for  a nearest  neighbor  Cd  Ion,  as  illustrated  in  Fig.  2b.  Moreover,  these 
Cg^CEr^^,**)  centers  account  for  nearly  all  (>  99)t)  of  tl>e  noncublc  sites  recorded  for  the 
CdFg:(Er^^,Ea^)  crystals,  which  has  permitted  an  unambiguous  characterization  of  the  (Er^*,Rs^) 
center.  After  CdFg:  (Er^^  ,U)  crystals  have  been  fired  in  oxygen  at  800°C  for  20  hours,  EIB 
measurements  indicate  that  80%  of  the  Er^"^  reside  in  sites  having  trigonal  (c^^)  sywetry,  whereas 
only  7%  renain  in  symmetry. Thus,  In  CdFg:(Er^^,  0^*)  crystals,  the  sites  accommodate 
more  than  86%  of  the  Er^"^  ions  that  reside  in  noncublc  sites.  As  for  the  Cg^  ) center 

dlscvissed  jarevlously,  the  (Er^'^,0^")  center  has  been  identified  and  characterized  with  respect 
to  the  optical  properties  that  are  relevant  to  IBQC  operation. 


These  EFR  studies  have  demonstrated  that  specific  kinds  of  Er^^  sites  can  be  generated 
preferentially  by  applying  suitable  chemical  treatments  during  crystal  growth  or  subsequently. 
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noURE  2.  FUJORTTE  CRTSTAL  STRUCTOKE  OF  CdF„.  The  CdF  lattice  (a)  in  the 
pure  »tate;  (b)  ahowlr^  ar.  Er^  ion  substituting  for  a Cd  ion 
with  charge  compensation  provided  by  a monovalent  cation  (e.g., 
Na^)  located  aloi^  a < 110  > crystal  direction. 
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Moreowr,  cliaraetorltt.ic  chnnges  In  tbe  epical  paropertle*  of  Ep^'*'  acconpany  ttese  treatMUts. 

Am  a reaiOLt,  the  optical  propertiea  of  JSt^*  iODM  in  these  sites  can  he  correlated  una^i^uously 
vltb  specific  aschanlsas  for  charge  ccsqpensatlon.  In  particular,  strllcli^  changes  in  the  optical 
ahsoeption  spectrue  are  caused  by  conpensatlon  as  Illustrated  in  Fig.  Similar  changes 
were  observed  vlth  Bs^  coHpensatlon.  Dot  only  are  the  absorption  peaks  shsirper  euid  better  defined 
for  the  sarple,  but  the  centroid  of  the  cbsorptlon  spectrum  has  been  displaced  to  longer 

vavexengtbs.  Undoubtedly,  the  lll>4eflned  spectrum  for  the  ,U)  Mterlal  is  a result  of  the 
overlapping  spectra  associated  wit  Er^"^  on  the  I'flde  variety  of  different  non  cubic  sites  observed 
in  EHt  measuraaents. 

The  structure  and  Intensity  of  the  emission  spectrum  also  are  altered  dramatically  by  sample 
treatment.  In  particular^  the  luminescent  efficiencies  ’Ip  ’Iqj  daflned  as  tbu  number  of  red 

or  green  ( S,/„J*I,_/„)  photons  emlf:«d  per  electron  excited  into  the  level, 

14,  , 54  2-, 

are  compared  for  {Er  ,U),  (Er'  ,Ha  ) and  (Esr  ,(T  ) czystals  in  Table  II.  The  most  dramatic 


TABU!  II.  THE  lUMIBESCEMr  EmClEaCY,n,  AM)  THE  COBVERSIOW  EFFICIENCy,  r,  AT  295K  FCR 
DIFFEREm,!  PREEARED  CRYaTAIB  OF  CdF,:0.1  MOU!  i ErF,,  TOCWHEI!  WITH  THE 
AmcnATED  MDP.  ^ 


sample 

n 

'Vj 

(<) 

\ 

KlO'^cmV^) 

ns  >‘r 

NDF  (10 
CSreen 

Red 

(Er^,U) 

2.3 

21 

0.5 

1».2 

190 

550 

(Er^^Ife"^) 

20 

1.1 

2.5 

0.15 

37 

9600 

(Er^^C^') 

52 

C. 

26 

X 

3.6 

iJtOO 

change  is  that  the  dominant  red  emission  of  the  (Eir^^U)  material  is  replaced  by  an  efficient 

(’1q"52%)  green  emission  from  the  (Er^^, 0^“)  - .ystal.  The  magnitude  of  these  changes  in  efficiency 

emphasize  the  danger  of  characterizing  an  IR^  material  by  host  crystal  and  dopant  alone. 

Table  II  shows  also  the  overall  conversion  efficiency,  y,  defined  as  the  number  of  green 

(r„)  or  red  ( y„)  photons  emitted  for  each  I.5  w®  photon  absorbed,  when  the  crystal  Is  illumlna*ed 
G A p 

by  a pump  (8i*0  nm)  at  an  intensity,  I , of  1 W/cm*^.  y is  a measure  of  the  intrinsic  capabilities 

P * 

of  the  material  for  IBQC  applications,  Independent  of  pump  intensity.  dcygen-flrlng  is  seen  to 
have  caused  a 50-fold  increase  in  the  conversion  efficiency  for  generating  green  photons. 

y_  and  y_  wei«  determined  experimentally  for  I loW/cm  , but  are  expected  to  be  independent  of 
G R P 

Ip  for  edl  pump  intensities  available  at  present  (c.f.  Ref.  2). 
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noURE  3. 


ABSORPTION  SPECTRA  OF  Er^'*’  IN  CdF2.  The  (Sw  , 
absorption  spectra  of  CdP^cO.l^mole  % ErF,  (at  '^5K):  f 
(1507  ran  maxlBum)  and  (b)  (Et^'^,0^")  (1551  nn  maxinun,). 


) Er^  optical 
a)  (Et-'^U) 


f 

I 
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IbtM  ncults  MQT  be  uaed  to  eatlaete  the  ■iolMa  detectable  pcmr  (NDP)  of  an  IBQC 

detector  aade  with  each  of  the  differently  prepared  cryatals.  For  thla  purpoae,  the  IBQC  aaterlal 

la  aaauaed  to  be  aandirlcbad  between  two  OaAlAa  Injection  laaer  amya,  with  a third  face  ceaented 

to  a photcaailtlpUer  tube,  and  the  algnal  radiation  incident  on  a rewalnlnc  face  (Fig.  4).  The 

2 

cryatal  la  aaauaed  to  hare  a aenaltlre  area  of  1 m iind  a depth  aufflclent  to  abaorb  noat  of  the 
incident  algnal  (e.g.,  3 ■>  tot  2 aale  % Er,  c.f.  Fig.  2). 

Fbr  thla  analyala.  It  la  aaauaed  that  the  ZMQC  la  photoaailtlpller  nolae  Halted.  Other  nolae 
aechanlaaa  were  found  to  produce  co^arable  coetrlbutlona  to-  the  Wt,  but  with  large  uncertain, 
tlea.^^^  For  clrciaataacea  In  which  the  photoaultlpHer  tube  la  the  doadnant  nolae  aource, 
the  NDP  of  the  ayateii,  P^,  la  related  to  the  phototube  KDP,  P^,  by 

where  the  gain  la  defined  aa 

0“VcVV  ^2) 

Xg  la  the  algnal  wavelength,  Xq  la  the  lualneaeence  wavelength,  and  3^  la  the  lualneacenee  eo-llec> 
tlon  efficiency  (23)(  aaauaad).  P _ aiqr  be  eatlaated  froa  the  MDP  of  the  BO.  9^3  photo- 
aultlpUer^^^  at  540  an  (6.6xlO*^W)  and  the  >f>P  of  the  EMI  %98b  photoeaatlpller^  at  660  na 
(8.3x10'^}.  The  gain,  0,  la  aeen  froa  Eq.  (2)  to  be  proportional  to  the  puap  Intenalty.  For  the 
pmaent  puipoae.  It  la  aaauaed  that  Ip^lOO  W/ca^,  a value  that  appeara  attainable  with  atate-of- 
the  art  Injection  laaer  arraya.^^^ 

The  WP'a  calctilated  In  thla  aanner  for  a algneO.  wavelength  correapondli%  to  the  aaxlaujii 
abaorptlon  are  ahown  In  the  reaadnlng  coluama  of  Table  II.  The  reaulta  Indicate  that  an  BtQC 
prepared  ualng  the  oxygen-fired  cryatal  would  have  a aenaltlvlty  of  3.6x10*^^  (at  1.531  im)y 
aany  tinea  better  than  that  of  any  of  the  wore  faadllar  uncooled  detectora  in  the  I.5  nm  to 
1.6  im  region  for  an  equal  aenaltlve  area  (l  an^);  e.g.  Ib8(lxlO"^W)5^^^  Oe(2xlO"^),^^^ 

HgOdte  (2.5xlO-^W).^^^ 

Inveatlgatlona  are  proceeding  In  an  effort  to  (Ataln  an  efficient  aaterlal  with  naxlaiuiii 
aenaltlvlty  at  1.536  ||B.  Relialnary  nNaaureaKnta  wade  on  oxygen- fired  (and  hydrolyxed)  SrF^iSx^* 
cryatala  Indicate  that  thla  Material  provldea  a peah  in  the  INQC  apectral  reaponae  at  1.536  im, 
aatehli^  exactly  the  Er:phoaphate  glaaa  laaer  emiaalon. 

Studlea  have  been  Initiated  alao  on  aoa»  atlxed  fluoride  single  crystals,  with  encouraging 
results.  Optical  absorption  MsaaureMsnts  indicate  that  one  of  these  fluorides  also  has  a peak  at 
1.536  |0>,  and  prellBlnary  double  excitation  experlaents  reveal  that  the  conversion  efficiency  in 
the  green  (yq)  for  thla  Material  la  at  least  as  high  as  that  of  (c.f.  Table  II). 
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FIGUKE  1»,  SCHEMATIC  OF  THE  Er:IBQC.  This  scheme  has  been  assumed  In  order 
to  compute  the  MDP  of  differently  prepared  CdF„:Er^*  crystals. 
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QUESTION  AND  ANSWER  SESSION 

Q.  Have  you  made  actual  measurements  of  the  minimum  detectable  power  at  1.5  pm? 
A.  Not  yet. 
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DETECTION  UNCERTAINTY 
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S.  R.  Borrello 
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ABSTRACT 

(Unclassified) 


A meaningful  measure  of  photon  detection  Includes  the  measurement 
time  as  well  as  ultimate  sensitivity  D*.  This  approach  considers  the 
D*f*  product  as  a constant  of  detection  with  the  measurement  time  re- 
lated to  the  frequency  f*.  The  upper  limit  on  D f Is  (4  it  e)  ** 
(h/2m)*'^^  with  c the  photon  energy,  h Plank's  constant  and  m the  electron 
mass.  This  approach  suggests  that  maximum  detection  Is  determined  by 
the  quantum  of  least  action  of  each  Independent  absorption  center. 


The  uncertainty  1n  detection  of  photons  covering  the  spectrum  from  visible  to  far  Infrared 
has  been  expressed  In  terms  of  the  noise  equivalent  power,  NEP,  or  the  related  function,  detec- 
tivity, D . The  theoretical  limit  of  D Is  determined  by  random  generation  and  recoDl>1nat1on  of 
photo-generated  free  charge  carrlers^^^.  Fluctuations  In  arrival  of  photons  at  the  detector  are 
only  accessible  via  the  transducing  mechanism  of  the  detector  such  as  photoconductivity.  Assuming 
the  Information  containing  photons  (signal  photons)  cannot  be  spectrally  differentiated  from  the 
background  photon  flux,  detection  Is  restricted  to  temporal  variations  In  the  total  photon  flux 

density  and  Is  manifested  via  fourler  analysis  of  the  fluctuations  using  a filtered  Integrator  e.g. 

* 

sound  analyzer.  The  sensitivity  of  the  measurement,  D , depends  on  the  detection  frequency  beyond 

* 

some  frequency  f where  the  fourler  components  of  the  photon  fluctuations  are  less  than  those  asso- 
ciated with  the  Internal  energy. 

For  frequencies  below  f*  detectivity  In  principle  can  be  arbitrarily  Increased  by  reducing 

* 

the  photon  density  and  thereby  Its  associated  fluctuations.  The  frequency  limit  on  0 Is  a mani- 
festation of  the  uncertainty  In  the  action  associated  with  detection.  The  detector  acting  as  an 
array  of  photon  counters  Is  limited  In  count  per  banAvIdth  (count  uncertainty)  because  each  photon 
absorbed  has  a defined  minimum  energy  e. 

In  particular  consider  the  definition^' ^ 

o‘ , (,) 

‘n 

with  Ig  the  current  responsivlty,  A the  detector  area,  of  the  amplifier  bandwidth  and  ly  the  mean 
noise  current  associated  with  of  Is  the  Fourier  transform  of  the  current  fluctuations''^'^*  ' 61. 

When  the  fluctuations  1n  the  background  photon  flux  dominate  then  61  » 6(qQA)  where  q Is  the  elec- 
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tronic  charge  and  Q Is  the  background  photon  flux.  Although  fluctuations  In  the  photon  count  may 

Is) 

be  obtained  In  a variety  of  ways  It  Is  convenient  to  define  an  energy'^  ' 


E = eQAt.  (2) 

The  carrier  lifetime  t establishes  the  stea(|y  state  number  of  carriers  E/c  associated  with  the 
fluctuations.  Thus  x Is  the  minority  carrier  lifetime  for  an  Impurity  dominated  Intrinsic  detec- 
tor^®^  such  as  HgCdTe  or  InSb  or  the  majority  carrier  lifetime  for  extrinsic  detection  as  with  Ge;Hg. 
Therefore 


<SI 


(3) 


With  5(E/e)  ■ (E/e)^^^  when  the  fluctuations  are  mutually  Independent^^^.  Taking  the  Fourier 
Integral  of  Equation  3 over  x,  the  specific  ncise  current, 

« 4 ( (f)  Af.  (4) 

the  4 rep'H-ntlng  the  recombination  as  Independent  of  the  generation.  Since  the  specific  current 
responslvlly^^^  Is  simply  q/e  assuming  no  losses  by  reflection,  transmission  or  non-participating 
absorptions  (e.g.  by  free  carriers).  Equation  1 can  be  written 


0 


* 


T 


(5) 


The  product  Ex  Is  the  action  associated  with  fluctuations  of  the  number  E/e.  The  detection  D*/x  Is 
optimum  for  least  fluctuations  and  therefore  least  action  In  the  detector  of  area  A.  The  fluctua- 
tions are  Independent  Implying  that  the  least  action  for  A Is  equal  to  the  least  action  per  absorp- 
tion of  cross-section  a.  That  is 


Minimum 


Ex 

T 


I. 


(6) 


where  ti  as  given  by  the  Uncertainty  Principle  Is  the  least  action  associated  with  the  energy  trans- 
fer from  photon  to  charged  particle  as  measured  In  time  x. 

Therefore 


Maximum 


1/2 


(7) 
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Tht  constant  ratio  D /t  suggtsts  tiiat  datoctor  sansitivlty  and  spotd  ara  mutually  limiting  In  a 
fundamental  sense.  Thus  a decrease  In  t by  some  artificial  means  (e.g.  Introduction  of  defect 
states)  Implies  a corresponding  limit  on  achievable  0 providing  the  detector  already  hu  a D /t 
value  close  to  that  given  by  Equation  7,  However  larger  t does  not  guarantee  Inproved  D since 
only  an  upper  limit  has  been  derived. 

These  results  suggest  that  0*  decreases  as  a function  of  frequency  beyond  a particular 
frequency  f*.  The  upper  limit  on  D /t  Implies  a lower  limit  on  t given  by  (2wf*)"\  If  for  example 

a photoconductor  Is  operated  In  the  background  limited  mode^^^*^^^  a hypothetical  reduction  In  i 
would  reduce  the  responsivlty  and  noise  Identically  and  D would  remain  constant  until  the  noise  Is 
no  longer  a function  of  t (e.g.  Hyquist  noise).  At  this  point  t ■ t and  these  results  as  else* 
where Imply  no  further  reduction  In  noise  Is  possible  since  from  Equations  0)  and  (7) 


Equation  (7)  becomes 


Maximum  D f 


. I r 0 


Thus  ultimate  0 Is  a reciprocal  function  of  the  frequency  and  for  example  D*f*  has  a value  of 
6 X 10^^  cm  Hz^^^/Joule  when  e » 0.1  eV  and  o ■ lO'^^cm^. 

The  photon  capture  cross-section  may  have  a physical  significance  Implied  by  least  action. 
Consider  the  electron  angular  momentum  In  units  of  ti 


Zmrv.r^  » nii 


where  m Is  the  mass,  v.  the  orbital  frequency,  and  r the  orbital  radius  jf  the  nth  quantum  state. 

2 * 

If  Tir  can  be  considered  the  electron  spatial  uncertainty  equal  to  a and  since  v^/n  Is  the  photon 
frequency  Vp  then 


Equation  (9)  becomes 


1 ! hvl/2 
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These  results  express  the  Idea  that  detection  of  photons  Is  ultimately  limited  by  the 
fact  that  electrons  are  the  tranducing  particles  acting  Independently  for  a characteristic  time  t 
with  least  action  1i. 

The  practical  Inpllcatlons  of  detection  uncertainty  are  Indicated  In  figure  1.  The  curve 
for  0 » 10"^^  cm^  Is  from  Equation  (12)  whereas  the  experimental  value^^^^  10"^^  cm^  Is  used  in 
Equation  (9).  Available  data^^^*^®^  for  InAs,  InSb  photodiodes  and  HgCdTe,  Ge:Hg  photoconductors 
suggests  the  curves  as  shown  and  particular  0*/t  predictions  are  avallable^^^^.  These  results 

A it 

Imply  that  any  Increase  In  0 for  a particular  detector  must  result  In  a decrease  In  f . 

The  small  value  for  a calculated  from  measured  data,  Including  corrections  for  reflection 
and  transmission,  mey  result  from  overlap  of  absorption  centers  and  the  poor  assumption  that  n Is  a 
good  quantum  number  for  the  energy  s cates  In  a solid.  This  problem  requires  more  study  as  does  the 
basic  premise  set  forth  here  that  maximum  detection  Is  determined  by  the  quantum  of  least  action  of 
each  Independent  absorption  center. 

The  author  Is  grateful  to  Henry  Levinstein  and  Robert  L.  Williams  for  encouragement  and 
suggestions. 
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ABSTRAa 

High  i;ual1ty  Hg^.j^Cd^^Te  crystals,  with  x ranging  from  0.15  to  0.40,  have  been  prepared  In 
a high  pressure  furnace  (100  atm.)  using  a newly  developed  technique  which  eliminates  the  hazards 
associated  with  failure  of  sealed  quartz  ampoules  and  makes  It  possible  to  prepare  crystals  of  large 
dimensions  and  high  x values.  It  also  allows  direct  and  precise  control  of  the  vapor  pressure  over 
the  charge  during  the  critical  stages  of  crystallltatlon  and  annealing.  This  gives  the  possibility 
to  move  across  the  (P,T)  phase  diagram  and  proceed  through  all  preparation  stages  without  Intermediate 
handling  of  the  crystals,  lire  result  Is  significantly  Improved  material  with  reduced  Impurities 
and  defects. 

As>grown  Ingots,  1 In.  In  diameter  by  2 In.  long,  have  been  obtained  which  contained  several 
large  crystals,  up  to  1 In,  In  diameter  and  100  g.  In  weight.  Low  carrier  concentration  and  high 
mrplllty  values  have  been  obtained  by  Hall  measurements.  The  mobility  values  for  several  of  the 
samples  (up  to  1.2  x 10^  cm^/v-sec  at  liquid  nitrogen  temperature)  are  believed  to  be  the  highest 
reported  for  (Hg.Cd)Te  at  this  temperature. 


1 . INTRODUCTION 

Hg^_x^<^x^^  Is  a ternary  alloy  material  which  Is  characterized  by  a high  melting  temperature 
(from  670*C  to  1092*C  depending  on  the  x value)  and  a high  vapor  pressure  over  the  melt  (In  excess 
of  19  atmospheres).  The  vapor  phase  1s  almost  entirely  constituted  of  Hg  and  special  techniques 
have  to  be  used  to  prevent  explosive  reaction  or  decomposition  of  the  material  during  synthesis  and 
crystal  growth. 

Conventional  techniques  for  the  growth  of  Hg^  ^^Cd^Te  crystals  are  essentially  Bridgman  or 
solution  techniques  based  on  the  use  of  narrow,  heavy-walled  sealed  quartz  ampoules  which  are 
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specially  designed  to  contain  the  high  vapor  pressure  of  Hg.  However,  because  of  the  relatively  low 
Mechanical  strength  of  quartz  at  high  te^wrature,  these  techniques  are  quite  hazardous  and  often 
result  In  failure  of  the  aapoule  by  ejcpioslon  of  the  highly  reactive  Material.  The  probleM  becoMes 
More  severe  for  short-wavelength  Material  with  hlg^  Cd  content  (high  x values)  because  of  the  higher 
teaperatures  and  higher  pressures  required  for  neltlng.  Because  of  these  difficulties,  the  prepara- 
tion of  crystals  by  conventional  techniques  Is  slow.  United  to  Ingots  of  SMall  dianeter 

and  difficult  to  apply  to  Material  with  high  x values. 

2.  HIGH  PRESSURE  FURNACE  TECHNIQUE 

This  connunicaticn  describes  a new  technique  for  the  preparation  of  Hg^_j^Cd^Te  In  a high 
pressure  furnace  which  avoids  the  hazards  associated  with  failure  of  sealed  quartz  anpoules  and 
Makes  It  possible  to  prepare  crystals  of  large  diMenslons  and  high  x values.  It  also  allows  direct 
control  of  the  vapor  pressure  over  the  Melt  during  the  critical  stages  of  crystallization  and 
annealing.  This  gives  the  possibility  to  Move  across  the  (P,T)  phase  diagrasi  and  proceed  through 
all  preparation  stages  without  Interaediate  handling  of  the  crystals. 

The  high  pressure  furnace  is  a Model  HP  Crystal  Growing  Furnace  fabricated  by  A.  D.  Little, 
Inc.  It  is  designed  to  operate  at  temperatures  up  to  1600*C  and  pressures  up  to  100  atnospheres  of 
inert  gas.  Heating  is  by  resistance  heating  of  a 2.25  in.  I.D.  x 5 in.  H.  graphite  crucible.  The 
diMenslons  of  the  high  pressure  chaidber  are  approxloately  7 In.  I.D.  x 20  in.  H.  The  walls  and 
seals  are  cooled  by  water  circulating  through  coils  on  the  outside  of  the  chamber.  The  particular 
unit  used  in  our  laboratory  is  equipped  with  two  vertical  pulling  heads  which  allow  synchronized 
or  Independent  rotation  and  vertical  translation  of  the  crucible  stage  and  upper  monitoring  thermo- 
couple. Two  water-cooled  quartz  windows  allow  direct  viewing  or  remote  TV  control  of  the  interior 
of  the  pressure  chamber.  This  unit  is  suitable  for  either  Bridgnan  growth,  solution  zoning  or 
Czochralski  crystal  pulling. 

It  should  be  noted  that  the  walls  and  seals  of  the  high  pressure  chaid>er  have  to  be  cooled 
to  retain  their  desirable  mechanical  properties.  This  cooling,  however,  creates  large  teaperatum 
differences  between  the  heated  crucible  region  and  the  colder  outer  areas  of  the  pressure  chaidber. 
Even  under  high  inert  gas  pressure,  therefore,  the  volatile  species  tend  to  evaporate  and  diffuse 
toward  the  cold  areas  of  the  furnace.  To  prevent  or  reduce  decoaposition  of  the  volatile  material, 
it  is  still  necessary  to  introduce  sealing  devices  between  hot  and  cold  regions. 

The  srnplest  sealing  devices  for  high  pressure  furnaces  are  sealed  quartz  anpoules.  By 
carefully  balancing  the  inert  gas  pressure  inside  the  furnace  and  the  vapor  pressure  of  the  volatile 
species  inside  the  sealed  ampoule,  it  is  possible  to  reduce  the  stress  on  the  ampoule  walls.  However, 
miscalculation  or  sudden  variation  of  the  inside  vapor  pressure  frequently  leads  to  failure  of  the 
ampoule,  either  by  implosion  or  explosion. 
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A Mjor  advance  was  aade  a few  years  a9e  with  ttw  developasnt  of  the  liquid  encapsulation 
technique.  A nolten  layer  of  an  inert,  viscous  and  transparent  liquid,  such  as  boric  oxide, 
is  placed  over  the  volatile  Material  to  fdm  a liquid  diffusion  barrier.  A hi^  inert  gas  over- 
pressure is  then  applied  over  the  liquid  encapsulant  to  contain  the  volatile  species.  Crystal  pull- 
ing of  GaP  is  now  routinely  done  by  the  liquid  encapsulation  technique. 

Ue  have  nade  several  unsuccessful  attenpts  to  apply  the  liquid  encapsulation  technique  to 
the  preparation  and  growth  of  (Hg,Cd)Te  crystals.  The  first  difficulty  was  caused  by  the  relatively 
high  Melting  point  of  B2O3  (around  4S0*C)  which  prevents  the  foraetlon  of  a liquid  encapsulation 
layer  over  the  charge  during  the  highly  energetic  reaction  of  the  starting  Materials.  A second 
difficulty,  sinllar  In  a sense  to  the  first  one.  Is  caused  by  the  high  viscosity  of  >20^  over  the 
tenperature  range  (640*C  and  less)  required  for  crystallization  and  annealing  of  (Hg.Cd)Te.  This 
high  viscosity  prevents  the  fomatlon  of  a vapor-tight  encapsulation  Ipyer  during  nelting  and 
annealing.  A third  problen,  of  a nore  general  character.  Is  due  to  the  observed  contaninatlon  of 
II-VI  materials  by  B2O3.  So  far.  therefore,  very  little  success  has  been  achieved  In  the  preparation 
of  this  type  of  Material  by  the  liquid  encapsulation  technique. 

A new  containment  technique  without  liquid  encapsulant  has  now  been  developed  to  overcoac 
these  difficulties  (1).  It  allows  rapid  reaction  of  the  starting  elements  (1/2  hour  Instead  of 
several  days)  with  no  measurable  loss  of  volatile  material  and  with  direct  control  over  the  Hg 
vapor  pressure  during  crystalKzatlon  and  annealing.  It  ha>  now  been  successfully  applied  to  the 
preparation  of  Hg^.j^Cd^Te  crystal;  with  x ranging  from  0.15  to  0.40  and  Is  expected  to  perform 
equally  well  at  higher  x values. 

In  a typical  run,  a stoichiometric  charge  of  the  high  purity  elements  plus  a small  excess 
of  Hg  Is  loaded  Into  a specially  designed  carbonized  quartz  ampoule.  The  aapoule  Is  placed  Inside 
the  high  pressure  furnace  which  Is  first  evacuated  several  times  to  eliminate  oxygen  and  then 
pressurized  with  high  purity  argon  to  the  itaxlmum  working  pressure  of  100  atmospheres.  The  charge 
Is  rapidly  taken  over  the  reaction  temperature  (around  350*C),  melted,  homogenized  for  one  hour 
above  the  llquidus  tenperature  and  then  rapidly  solidified  by  quenching  to  a temperature  below  the 
solidus  temperature.  Because  of  the  high  Inert  gas  pressure  and  strong  convection  currents  In  the 
pressure  chaaber,  extremely  rapid  quenches  (up  to  100*C/m1n.)  can  be  obtained  If  desired.  During 
solidification,  the  Inert  gas  pressure  Is  slightly  reduced  and  precisely  controlled  to  avoid  the 
formation  of  metallic  Te  inclusions  or  blow-holes  due  to  trapped  excess  Hg.  Crystallization  Is  then 
achieved  by  a high  temperature  anneal  of  several  days.  A second  anneal  at  lower  temperature  and 
reduced  Hg  vapor  pressure  is  finally  made  for  stoichiometric  adjustment  and  control  of  the  electrical 
properties  of  the  crystals. 
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Matars  art  cat  froai  tlic  larfa  lagats  witli  a wire  saw  or  laboratory  l.D.  slicing  aocliliie. 
Saal]  Hall  bars  ara  tboa  tflcoH  witb  tbe  wire  saw.  lawod,  polished  and  etched  with  the  usual  broarfne* 
nethaedl  arixture.  Ihe  conpesltloii  of  the  sawples  Is  deterwlaed  either  froa  the  specific  gravity  or 
by  elactroa  alcroprobe  aMlysIs. 


3.  RESULTS 

As>grown  Ingots,  1 In.  In  dfaneter  by  2 In.  long,  have  been  obtained  which  contained 
several  large  crystals,  up  to  1 In.  In  dlaaeter  and  100  g.  In  weight.  Figure  1 Is  a photograph  of 
an  Ingot  froa  an  early  run  showing  several  large  single  crystals.  By  controlling  the  growth  para* 
aewrs.  It  has  been  found  possible  to  prepare  In  a reproducible  way,  aaterlal  with  either  aetalllc 
Te  Inclusions  (Fig.  2A),  excess  Hg  blow-holes  (Fig.  2B)  or  unifora  aaterlal  free  of  nicroscopic 
Inclusions  (Fig.  2C).  Figure  2C  Is  an  X-ray  alcrophotograph  for  the  Cd  L,  line.  The  randoa  dis- 
tribution of  blade  and  white  dots  shows  the  unlforalty  of  the  sanple  and  the  absence  of  alcroscopic 
Inhoaogeneltles. 

Spectroscopic  analysis  of  the  high  purity  starting  eleaents  and  of  several  grown  crystals 
showed  no  evidence  of  Inpurities  being  Incorporated  during  crystal  growth  and  annealing. 

Hall  aeasursaents  were  aade  by  the  Van  der  Pauw  technique  at  liquid  nitrogen  and  rooa 
taaperatures  and  at  aignetic  fields  ranging  froa  4900  to  61  gauss.  The  results  of  these  neasure- 
nents  (Table  I)  show  that  either  p or  n-type  aaterlal  with  high  nobility  and  low  carrier  concentration 
values  can  be  produced  by  this  technique.  Of  particular  Interest  are  the  nobility  values  obtained 
for  either  p or  n-type  aaterlal.  The  nobility  values  for  n-type  aaterlal  are  believed  to  be  the 
highest  reported  for  Hg^_^Cd^Te  at  liquid  nitrogen  tenperature.  Sinllarly,  the  values  obtained  for 
p-type  aaterlal  are  renariably  high.  The  nobility  and  carrier  concentration  data  for  several  n-type 
SMples  of  Table  I have  been  pfotted  against  theoretical  curves  calculated  by  Long  (2).  Figure  3 
shows  that  the  nobility  values  are  very  close  to  the  theoretical  values  calculated  for  liquid  hellun 
tenperature.  On  Figure  4.  the  carrier  concentrations  for  the  sane  sanples  are  also  seen  to  be  In 
close  agreement  with  the  theoretical  Intrinsic  carrier  concentration  curves  at  both  liquid  nitrogen 
and  moon  taafierature. 

It  should  be  noted  that  high  nobility  values  can  sonetines  be  explained  by  the  presence  of 
netalllc  Inclusions  In  i.he  crystal  (3).  However,  careful  examination  of  polished  sanples  by  optical 
nicroscopy  and  electron  nicroprobe  analysis  showed  no  evidence  of  a netalllc  second  phase.  In 
addition,  the  nobility  was  found  to  remain  essentially  constant  when  the  nagnetic  field  was  varied 
fron  4900  to  61  gauss.  In  agreement  with  the  conclusions  of  a recent  study  of  the  effects  of 
netalllc  Inpuiitles  In  semiconductors  (3). 
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High  M>b111ty  values  are  usually  takee  as  ev1<leflce  of  high  crystalline  perfection.  Me 
believe  that  this  result  Is  due  to  the  particular  preparation  technique  of  large,  bulky  crystals 
relatively  Insensitive  to  theraal  transients,  under  controlled  vapor  pressure  of  Hg,  and  to  the 
ellninatlon  of  Interaedlate  handling  steps  uhlch  often  result  In  the  Introduction  of  Inpurities 
and  defects. 

Photoconductive  Infrared  detectors  have  been  fabricated  fro«  these  crystals.  Operating 
characteristics  will  be  presented  and  discussed  at  a later  date. 
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A. 


Optical  Photograph  (5X)  showing  dendritic 
structure  with  excess  Te  '"'''nuc 


B. 


Optical  Photograph  (SOX)  showi 
large  uniform  areas  and  small 
0 low-holes  due  to  excess  Hg 


uniform  concentration  of 
Cd  (uniform  density  of  black  and  white  dots) 


figure  2.  MICROPHOTOGRAPHS  OF  (Hg.Cd)Te  POLISHED  WAFERS 
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